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ABSTRACT.

A study of the reaction of oxygen with pyrolytic
carbon filaments at 5Qu pressure showed a well defined
magximum in the rate and the hysterecis effect, in the
temperature range 900-2000°¢, The hysteresis changed sense
at high temperatures, about 1500°C, giving hysteresis above
in the same sense as found earlier at 0.76n. This change
over in the hysteresis was shown to occur at lower
temperatures for lower pressures, It was also shown that
differences in the quantities of carbon reacted and in
filaments used were not responsible for different hysteresis
effects observed previously.

The Nagle Strickland-Constable theory was found to
give a considerably better prediction of the maximum and
minimum if account was taken of the variation of active sites
as found by the hysteresis results. A simple mechanism is
proposed based on annealing and creation of active sites
which gives a good fit to the hysteresis data at 50 and 0.76n.

Reaction in N2O was not found to affect subsequent
reaction in O2 and vice versa, suggesting different active

gites are involved.
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Various additives were added to the filament,
Boron and Silicon were found to be without effect, while Fe,
W, Zr, U, Mo and Pt a2ll catalysed the reaction. The basic
mechanism of the reaction did not appear to be changed
fundamentally by catalysis, maxima in the rates still being
evident. There was also a strong suggestion of hysteresis.

The oxygen balances suggested in most cases that
lower oxides still existed on the surface, but at the carbon-~
metal interface it was thought likely freec metal or carbides
were the active agents. The experimental evidence strongly

suggests an electronic mode of catalysis,
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NOMENCLATURE .

UNTREATED FILAMENT: Carbon filament, coated with pyrolytic

carbon but not treated with any additive.

TREATED FILAMENT: Carbon filament to which an impurity
hos deliberately added.

COATED FILAMENT: A filament coated with pyrolytic carbon.

LOW SENSE HYSTERESIS: Hysteresis effect such thet reaction

at a lower temperature, following reaction at a higher
temperature, gives initially low rates of reaction, and visa

versa,

HIGH SENSE HYSTERESIS: Hysteresis effect such that reaction

at a lower temperature, following reaction at a higher
temperature, gives initially high rates of reaction, and visa

Versa.

Where the letter A appears in a Graph or Table number, the
relevant Graph or Table will be found in the Appendices. The
first nuneral, in a Graph or Table number, gives the relevant

Section or Appendix.
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D.L. Detection limit for Spectrographic analysis.

. Activation Encrgy.

F. Frequency of reaction, as defined by Duvalg.

K. Reaction rate constant.

Oxygen Balance. % oxygen balance, as defined in Appendix 1.
P. Pressure.

R. Rate of rection. g. atoms of carbon cm_e. sec_q.

based on geometric arca.

. Pressure in microns of Hg. 1u = 1072 . Hg.

Symbols used in Section 6.

A, site M

—~

Fast reaction sites.

B. site ‘f

C. site Slow reaction sites.

A/B. Either A or B site without discrimination.

n. Number of A+B sites ( cn™? )

N. Constant 'related' to max. number of C sites.
r. (Rate of reaction)/( No. of 4 ond B sites.) = &
£. F/

n
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1. INTRODUCTION.

From the technical point of view carbon is finding
increasing use as a construction material because of its good
mechanical properties at elevated temperatures. Two
important examples of the present use of carbon are in
nuclear piles and for re-entry cones for space vehicles,

Two main factors limit the upper temperature at which carbon
can be used. The first is the increasing amount of chemical
attack at high temperatures, and this is the subject of this
work. The second, which has more relevance in the space
programme, 1is that ol mechanical erosion.

The carbon oxidation reactions are also of considerable
theoretical interest, since it is omne of the few reactions in
which a gas reacts with a solid to give gaseous products and
also to show a maximum in the variation of the rate of
reaction with temperature. Recently it has been shown that
tungsten and molybdenum show this same effeot.q°

Considerable work has been carried out previously on
the effects of catalysts on the oxidation of graphites but
almost all this previous work was limited to below 1000°¢.
The mechanism of the carbon oxidation reactions differ below
1000°C and above 1000°C where the rate shows a maximum,

Part of the present work was carried out to see if various
additives had any effect on the high temperature reactions.
Filaments treated with additives will be described hereon as

TREATED.,
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In previous studies of high temperature oxidation of
carbon at low pressures so as to eliminate the effect of
diffusion, not only has a maximum in the rate been found but
also a hysteresis effect, such that for reaction at one
temperature, following reaction at a lower or higher
temperature, the rate was initially lower or higher than the
final steady value. This hysteresis was found by Strickland-
Constable 2 and Duval 3, but these two authors found opposite
hysteresis effects for oxygen. The second part of this work
was carried out to try and elucidate the apparent

contradictions in these previous results.,
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2. REVIEW OF LITERATURE.

The literature on aspects of carbon now covers a
very wide field ranging from electronic, through chemical
to purely mechanical properties, As far as possible in this
review the literature has been subdivided into separate

sections.,

2.1, Previous PFilament Work.

4

Following the pioneer work of langmuir whose

results were largely governed by the amount of oxygen

5,6,7 using a flow system found the

adsorbed, Meyer et al
reaction with oxygen followed two paths. The first region
up to 1300°C where a maximum in the rate was evident
consisted of a 1st order reaction with a 002/00 retio of 1.
In this region the postulated mechanism involved dissolved
oxygen. Evidence to support this included change of
electrical resistance of the filament, direct adsorption
measurements, and analysis of electron diffraction diagramss.
The second region above 1500°¢ gave & zero order reaction
with a 002/00 ratio of 0.5 and a Eucken 2 type mechanism
based on the simultaneous adsorption of two O2 molecules at
edge atoms was assumed. It was also Bucken who first
suggested that the maximum in the rate was caused by atomic
rearrangement removing active edge atoms.

Strickland~Constablie 2 using a static system at
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about 30n pressure found a 1lst order reaction between 900°¢
and 2000°C with a maximum in rate at about 1150°¢ and
the reaction was found insensitive to small quantities of
impurities. No oxygen adsorption by the actual filament
was found and the adsorption found by ILangmuir and Meyer was
attributed to absorption by the filament mounts.  Other
experiments showed that a zero order reaction took place
when a thermionic glow discharge was present. Arthurlo
further confirmed the effect of glow discharge which was: - = -
found to be associated with the secondary reaction CO—~9002.
Maxima in the rates were also found by Strickland—constable11
for 002, NQO and water vapour, with 1st order reactions
above 1200°C and a tendency for fractional orders below.

The vesults of Duval >

who used a flow system at
O.7§p agreed in large with those of Strickland-Constable
although the order of reaction was found to be greater than
one at intermediate temperatures. Using a thermionic
emission technique the negligible adsorption of oxygen was
confirmed, In this context Duval attributed the spread of
the carbvon network spacing, seen oxn diffraction patterns,
under the action of oxygen to a decrease of crystalline fit
under combustion. Duval also confirmed the effect of.glow

discharge which was thought to be due to mercury vapour.

In the works cited Strickland-Constable found a
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hysteresis effect whereby the past history of the filament
governed the reaction rate. In oxygen this hysteresis was
in the high sense (see table of nomenclature), while for
N20 and Hzo it was in the epposite direction. These results
and the maximum in the rate were explained qualitatively

by Strickland-Constable in terms of two active sites.

Only one of these sites, associated with carbon edge atoms,
was considered to take part in the NZO’ 002 and H20
reactions, Above 1200°C these sites were assumed to anneal
out and the rate therefore started to decrease. The
hysteresis effect for N,0 and H,0 being due to low
temperature reaction forming fresh edges which temporarily
increased the reactivity for subsequent reaction at high
temperatures. On the other hand annealing of sites at high
temperatures made the graphite less reactive,

To explain the oxygen results the participation of
two sites was considered, At low temperatures zalthough the
reaction would be principally with the more active sdge
atoms, reaction would also eccur by direct attack on the
basal plane resulting in the formatien of more edges. As
for the other gases above 1200%¢ annealing of the active
edges takes place so that by 1800°C the reaction occurs
principally on the faces, which produces a large number of
edges. If the temperature is lowered, edge reaction will

take place at an increasing rate owing to the increased
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number of edges available which more than compensate for the
fact that the edges were annealed. The fact that the
filament burnt black in oxygen was taken by Strickland-
Constable to support the idea of attack on the basal planes.

Duval3 also found pressure hysteresis effects in
oxygen, but at his pressures the temperature hydteresis
worked in the low sense, which is opposite to Strickland-
Constable's results, Boulangier 12 also found hysteresis
for 002 and HZO to be in the low sense, ans for all three
gases at near O.7§p it was found a steady rate was achieved
after a burn off of about 3 x10™ ' gr atoms of carbon per em?
of geometric area., The ratio of the true area to the
geometric area for 02, 002 and HZO was found to be 25, 100
and 40.

The explanation used by Dyval to explain his
oxygen results is in essence that given earlier to explain
the NZO hysteresis, It was found that the measured rate F
could be related to the number of sites, s, and thec
fundamental rate on each site f; this latter factor being
constant with time for constant temperature and pressure.
The relationship was simply

F = sf.

The hysteresis is supposed to be caused by variation

in s going from one temperature to another. Using this

expression Duval obtained experimental curves for f and the
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steady values of s with temperature.

Rosner et 3113 found the rate with atomic oxygen
to be between 5 and 50 times greater than for O2 with a shift
in the maximum to 1600°K at 1 torr. The reaction with
atomic oxygen was found to be less temperature dependent and
of 1st order, compared with 0.56 order for 05 These
results, however, were possibly catalysed by the tungsten

contacts pressing on the hot filament.

2.2, QOther High Temperature Resulits.

A considerable number of the studies of high
temperature oxidation were in the region of diffusion control
and a2s a result no maximum was observed. Nagle 14
eliminated this factor by using high speed impinging oxygen
at 0.23 atm. and he found that the maximum in the rate was
shifted up to 2000°C with & zero order reaction below this
temperature. Pyrolytic carbon was found to react about ¢
times slower than reactor grade. A similar shift in the

15 who also found the

maximum was found for 002 by Walls
reaction order with oxygen to be greater than zero at very
high temperatures, The rate of reaction with 002 was again

not found to be so great as for oxygen.

Since diamond does not have the layer structure of

16

graphite it is interesting that Evans et al found a

maximum in the rate at 1050°C for reaction in 0.4 mm Hg of 02.



18.

The diamonds initially gave low rates when new which rapidly
increased to a constant value. Also hysteresis in the high
sense, which is the same as the oxygen results at SQp, was
found for reaction at low temperatures after reaction at
high temperatures. The importance of this work is that it
shows that reaction can occur elsewhere from the edge atoms

of graphite as was postulated by Strickland-~Constable.

2.3, Secondary Reactions and Effect of Preheating,

Meyer8 suggested that the differences between his

results and those of later workers were due to preheating of
the oxygen and secondary reactions in the micropores on the
surface. With incomplete accommodation of the attacking
molecules they attack several times before reaction and
thereby become preheated. The lower rate of the first order
reaction observed by Strickland-Constable was taken to occur
by a small number of molecules trapped in micropores.
Similarly reaction products hit the filament several times,
in pores , or because of a static system, leading to a
postulated secondary reaction converting the 002 to CO.

17 used his results on the decomposition of methane

Meyer
below lip to support this supposition. No decomposition was
found unless the surface was first roughencecd, allowing the
gas to be preheated in the micropores.

However, as argued by Strickland—constableIB for

a difference in pressure of 300 times, the number of molecules
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striking the surface will be considerably greater, as will be
gas collisions, giving a considerable increase in gas
temperature. But since the rate constant is the same it is
necessary to conclude that it is independent of gas

tempe rature and the accommodation coefficient is near unity.
No effect was found by Bangham 19 for preheating between O
and 800°C for the gasification of carbons by high velocity
jets of air,

The fact that the rafe of reaction with 002 11,12
is less than the rate with oxygen, that Duval used a flow
system to eliminate secondary reactions and still obtained
predominantly CO, and that Strickland-Ceonstable found no
difference in the 002 produced if a cold trap was in place
on the reactor are all inconsistent with Meyer's postulate.
Duval attributed the larger amounts of 002 found by Meyer

to catalytic oxidation on the Pt support wires used; a fact

that glow discharge cannot explain at low temperatures.

2.4. Quantitative Theories.

(1) The first theory postulating two sites for
reaction was due to Eyring et al 20. The two sites were
considered to be different types of edge atoms, one of which
was associated with some type of impurity which catalysed
the low temperature reaction. The processes taking part

included the conversion of one site to another by reaction
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and by annealing; the sum of the two sites however remaining
constant with pressure and temperature. The kinetic
expressions were arranged to give a zero order reaction at
high temperatures, and to fit the results it was necessary
to assume the relative numbers of the two sites to be
independent of pressure. The theory does not therefore
explain the first order reactions at high temperatures; nor
explain the shift in maximum with pressure.

(2) Nagle and Strickland-Constable’® modified Eyring's
theory taking into account a first order reaction at high
temperatures., [This is herdafter referred to as the Nagle
theory]. The physical basis of the theory is that at high
temperatures carbon atoms can migrate to heal the surface,
which would otherwise be fairly reactive.

There are assumed to be two kinds of sites on the
surface, reactive A sites and less reactive B sites. If x
is the fraction of the surface covered by A and (i-x) the
fraction covered by B, the following processes are assumed to
take place.

1. Reaction of 05 with A sites to give further A sites
and 2C0; the rate being governed by a Langmuir isotherm and
the oxide is formed by a first order reaction

K, P

[ A

Rate of (1) TT‘T{EP ]

where KA, KT are appropriate constants.

2. O2 reacts with B sites to give an A site + 2CO
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with a first order reaction, in this case the rate
3. A sites can become B sites by thermal annealing

at a rate KTX. For stationary values of x

= KBP (1 - x)

B 1
e X =7 I‘KT7ZKBP)

K,.P v
with overall rate = (I—é&KEP ) x o+ KBP(l - x)

Besides giving a first order reaction at high
temperatures for low pressures, the other main difference
from Eyring's theory is that x is now pressure dependent.

21 nas shown that this theory fits both

Strickland-Constable
high and low pressure results well, predicting the shift in
the maximum with pressure and the variation of‘the order from
greater than one at low pressures to zero at 0.23 atm. below
21OOOK,and greater than zero above 2100°K as found by Wallsis.
In support of the possibility of annealing taking

22 showed that heat

place at these temperatures Antonowicsz
treatment at 150000 of neutron irradiated graphite caused
all damage to the structure to be repaired. Polley23 found
graphitisation to start at 1500°K while Mizushima 4,25
studying the crystalline growth found two distinct mechanisms
operated. The first, associated with self diffusion began

to occur at 140000.
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3 The latest theory is due to Ong26

which differs
from those mentioned in that it entails only one type of
reaction site. The kinetics were examined from the standpoint
of two primary reactions to produce CO and 002 and a
secondary reaction to produce CO from C05. To fit Duval's
results it was found necessary to assume that the rate
controlling stecp was the secondary reaction and this gave a
predicted maximum at 1100°x compared with an experimental
value of 1300°K. It is not surprising that this theory does
give a certain fit to the results considering the large
number of rate constants involved, but even so the fit is not
as good as predicted by the Nagle theory. As reviewed

earlier it is difficult to see how the CO can be produced by

& secondary reaction.

2.5. Nature of Aptive Sites.

In addition to the annealing theory already
mentioned various other ideas on the nature of the ative
gites have been proposed. Thege are deelt with in this
section together with related +topics.

Strickland-Constable, as stated, put forward the
view that O2 reacted with different sites to other oxidising
gases, A similar view is fowarded by Long et al 21 who
suggested that H,0 and 00, react predominantly with different
parts of the surface since reaction of steam is retarded by

H,0 while that of 002, only, by CO and H,.
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2.5.1., Variation of area with reaction.

Hennig28 working on single crystals found no
relationship between the B.E.T. area and rate of oxygen
attack below 1OOOOC, a result supported by Deitz29 although
he found a slight decrease could follow extensive oxidation.

12 found the B.E.T. area

Similarly Duval3 and Boulangier
constant for reaction at various temperatures in different
- gases.

If as suggested by Duval the hysteresis effect is
due to variation in the number of active sites, it is
necessary to assume that the total number of these sites is
small compared with the total B.E.T, area so the change is
not detectable. Evidence to support this has been given by
Laine et alBO for oxidation between 300-875°C. By outgassing

the complex formed at 950°C the total active surface area

was estimated to be only 2.3% of the B.E.T. surface area,

2.5.2., Hydrogen impurity idea.

20 suggested that one of the sites upon which

Eyring
high temperature reaction occurs was associated with hydrogen
from only partially graphitised hydrocarbon material, which

31 similarly

activates the low temperature reaction. Hennig
suggested that the increase in rezctivity at the same
temperature where the Hall coefficient goes through 2 maximum

can be traced to the removal of H2.
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Various euthors®'?7%:33 showed that H, and Hy0 to be
temporarily inhibitors between 430° and 70000, but the effect
has been suggested as due to reaction of the gases with
catalytic impurities. Hennig®® on the other hand found +the
HZO catalysed the reaction on single crystals, the explanation
here according to Duval34 is that the water reacts with a
different kind of impurity.

It is difficult to see how hydrogen can remain in

7

graphitised filaments such as Meyer's' , which were heated

between 2500 and BOOOOC, particularly as shown by Diefendorf95
on degassing graphite that the H2 content went through a peak
below 1400°C; the outgassing being a function of time as well

as temperature.

S 2.5.3. Impurity idea,

The idea of catalyst impuritie83’36 has been used to
explain the maximum and hysteresis; the concentration of the
catalyst being governed by diffusion from the centre of carbon
and the rate of evaporation, the two processes having different
thermal coefficents, The effect of oxygen pressure on the
noticed shift in the maximum with pressure is explicable on
the basis that the mean free path of evaporating atoms would
be inversely proportional to the total gas pressure. At any
temperature the surface concentration of impurity would be

higher at higher pressures.
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Heauchamp et 3137

suggested that impurities of a

few ppm. accounted for the diminishing of the activation
energy and CO/CO2 ratio with burn off at 637°C. The reaction
was assumed to occur on impurities and pure surface znd as

the ash builds up the reaction is subsequently catalysed more
by impurity build up.

Heddon38

explained the reversible and inhibition
of the oxidation with 002 at lew temperatures by halogen
compounds by blocking of reaction sites, and elimination of
impurities by production of volatile halides. A similar
explanation was used by Palmer39 to explain the effect of

¢ €1,F, at 570°C with graphites containing V and Ti as |
impurities. In this the rate initially increased, thought
due to reaction of 002 with impurities to form catalytic
halides which later evaporated off giving normal results.

What the impurity idea does not explain as discussed
by Duval3 is how workers find rates of the same order using
very different filaments, and how filaments find their reserve
of impurities after long treatment at high temperatures.

56 found polycrystalline graphite which

In this context Nagle
contained about 103 times as much impurity as pyrolytic carbon

followed the same general oxidation behaviour.

2.5.4. Pitting and defects.
7

Meyer' found that graphite was attacked at basal
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planes such that hexagonal pits were formed below 1500°K,
while above 1800°K reaction appeared to be by edge attack
only. In a2 study on the air oxidation of pyrolytic carbons
between 614 and 1580°C using cleaved discs Horton ® found the
edges oxidised about 2.5 times faster than basal planes, the
rates appearing to increase with temperaturec. Blaekman4o
found similar pitting at 1660°C but the oxidation on the basal
plane appeared irregular and was thought to make very little
contribution to the total burn off, Although the original
gites of pits were thought to be explainable by impurities,
the lateral extension of the pits could not be readily
explained by catalytic oxidation alone. Lewis225 found that
auto radiographs showed that widely spaced pits on vitreous
carbons did tend to coincide with impurity atoms.

In the presence of a suitable catalyst Hennig42’43
found hexagonal pits were formed. At 650°C the pits were
shallow getting progressively deeper with increasing
temperature. At 1100°C no new pits were formed and those in
existence ceased to deepen.

Hennig found that these pits were only produced if
lattice defects,as Well)were present. I+ crystals were
heated to 2300°C pits were formed, but not if the crystals
were quenched from 2700°¢, Hennig44 therefore proposed that

at 2300°C the concentration of vacancy defects, which caused

pitting, was large enough to be detected by catalytic
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oxidation end yet their mobility was low so that they can
anneal out only with difficulty. Above 2700°C some other
defect, possibly interstitial, was supposed present in large
enough concentrations to act as sinks for vacancies.,
Williamson45 however found that the mobile defects at low
temperatures werc interstitials and that they condense with
vacancics into sheets parallel to the basal plane; the
vacancies beginning to diffuse about 1200°C.

Additional support to the idea that pitting
occurred at defect was given by Féllet46 who found pitting
on the surface could be related to irradiation dose and

temperature,

2.5.5. Spin centres.

Efforts have been made to relate the spin centres
l.e, free radical centres, in carbon to the active sites
participating in reaction. Spin centres have been found to
be formed by direct chemical attack by Antonowicz47 between
700 and 1100°C at high pressures. These spin centres were
however removed by heating between 1000 and 14000622.
Harker et a148 on the other hand found that the spin centre
concentration decreased with surface oxide formation. But
it was not possible to say whether free radical centres are

actually lost during reaction or merely converted to centres

of a new type in which unpaired electrons are localised on
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0 atons. In later work Harker et al49

showed that not all
spin centres were particularly reactive to oxygen probably
due to resonance of unpaired electrons over several atoms,
while production of CO2 showed the same correlation as spin
centres with heat treatment between 500 and 700°C.

The particular spin centres formed by reaction were

50,51 45 ve strongly localised, Both he and

shown by Mrozowski
‘AntonowiCZSZ also considered a large proportion of these
localised spin centres to be due to impurities. At high
temperatures the evidence52’53 tends to lead to the conclusion
of the occurrence of a continuous change in the character of

spin centres from localised character to a conduction metallic

type solid.

2.6, Low Temperature Reaction.

Below 800°C the oxidation is characterised by high
002 formation and there is considerable evidence that surface
oxides play a predominate part in the reaction; the most likely
rate controlling step being the breakdown of surface complexes.

Several workers have found that the initial rate of
reaction decreased with increasing burn off, Both Deitz et a%g
and Bonnetain et allg exrlained this, and the variation of the
CO/CO2 ratio in terms of surface heterog%ﬁty and variations of
the composition of the surface oxide., On the other hand

54 18

Vastola et al using a 0 tracer technique found that the
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fraction of the total CO and C02 contributed by complex
breakdown decreased with increasing temperature showing
that reaction can occur independently of complex formation.
The particular relevance to our work is that all
the above authors found that the Elovich equation applied
to the desorption of the complex, which implies a
hetereogeneous or induced hetereogeneous surface. In
studying the chemisorption of O2 on Graphon, Hart et al55
found the amount adsorbed increased sharply above 250°¢
after oxidation suggesting at least two types of active
agites. The Eiovich equation has been found to be
applicable as high as 1375°¢ for the desorption of hydrogen

by Redmond>°.

247 Catalytic Work.

2.7.1. General,

walthough a considerable amount of work has been
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carried out on low temperature catalysis of the carbon
oxidation reaction there is considerable debate on the mode
of action of these catalysts. Various ideas have been put
forward largely depending on whether a catalyst acts in a
chemical or physical manner. The main ways in which it is
thought catalysts act are:-

a)., Intermediaste Compound Formation62. In this

case the catalyst accelerates the reaction through the
alternate formation and decomposition between the catalyst
and the reactants. For this to be wvalid the rate of
formation and decomposition of the intermedigstecoompourd must
be faster than the rate of the uncatalysed reaction, and that
the compound must besufficiently unstable to decompose under
reaction conditions.

b). Electronic Theory. In this case the catalyst

accelerates the reaction by becoming a donor or acceptor of
electrons weakening bonding for certain carbon-~carbon bonds.
Considerable work has been done with this approaoh to
catalyst with particular reference to semi—conductor859’64’63.

¢). Dislocation or Disruptive Action of Catalyst.

In many cases this mode of action is classified with the
electronic approach but the action is somewhat different,.

In the electronic approach it is assumed that actual transfer
of electrons occurs and the catalyst can act over a

considerable distance. In the disruptive approach the
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foreign atoms weakens bonds in its intermediate neighbourhood
or decrecases the compact state of the molecule.

2.7.2. ZElectronic anproach.

Following work on the catalysts of the 002 and steam
reaction with carbon at 750°C Long and Syke857 put forward the
theory that the catalyst altered the bonding on edge carbon-
atoms upoh which oxygen was adsorbed. For adsorbed oxygen
the bondings shown in Fig.2.1 were considered.

The evolution of CO could be faciltated if the C-C
bond was first weakened as occurs if the distribution becomes
like (b) by transfer of electrons to a transition metal ion,
or like (c) by formation of a covalent bond with an alkali
metal atom., The direction of changes in bond order produced
by the removal or addition of electrons is determined by the
fact that oxygen is more electro —ve than carbon; a +ve
charge will give (p), whereas a —ve charge will be more stable
on oxygen as in (4). Calculation of bond strengths showed
the variations to be of significant order of magnitude58.

The ability of the transitional metals to accept
rather than denote electrons was postulated to be due to non-

59

stoichiometric p-type oxides on the surface, More easily
reduced compounds of non transitional elements should be
inhibitors if they transfer electrons completely to the carbon

since a distribution of type (d) would be favoured. However
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they could form & bond type (c¢) which would account for why
catalyst is much more common than inhibition, The mechanism
for the catalytic action of alkali metals was thought to be
duc, by Long and Sykes, to the formation of covalent bonds with
the carbon lattice at points of high électron density giving
(c)

Long and Sykes found that the general form of
reaction mechanism and number of active sites did not change
for the catalysed recaction which lends support to their
electronic view of catalysis.

Other work which supported the electron view was
put forward by Heintz et al6o who studied the oxidation
between 600 and 700°C in the presence of 0,1 mole % of
transition and inner transition metals. It was not found
possible to correlate the catalytic effect with activation
energy.

Their results were analysed in terms of the Long and
Sykes model with deficit oxides formed. Minimum activation
energics were found for the (n-1) d electron bonds in which
0, 5 and 10 electrons impart unusual stabilities to the
divalent state and do not bond actively. Metals which

2 7

have 4, d3, d’ or d8 configurations arc active © bonding

elements becausc of their strong ability to attain d5 or le
configurations by denoting electrons, hence giving structure
(d). These metals were found to be inhibitors or showed

only slight effect.
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However the metals whose oxides exert a large vapour
pressure at the temperature of reection were found to be
catalysts, the volatility of the oxide appearing of greater
importance than w bonding; for example Va, W and Mo. I4 is
interesting to note that Heintz found W, Ni, Ta, Ti, Fe and
Nb all inhibited the recaction at 600°C while out of these only
Ta inhibited at 700°C. This temperaturce dependence suggests
that the actual composition of the additive on the surface is
important.

Finally Rakszawski et a163 using additives blended
with graphite powder found the systematic variation of rates
appears to follow the diagonals of the periodic relationship
of the elements from the upper left to lower right. A
correlation was found between these rates and the average
ionisation energy or electron affinity such that the rate
increased with increasing ionisation energy to produce

maximum positive oxidation state.

2.7.3. Intermediate Compound Approach.

One fact that the electronic theory does not explain
satisfactorily is how many non-transitional elements catalyse
the oxidation reaotion65. Amariglio66 incorporated metal
catalyst by impregnation and used the ignition temperature
technique so that only the cat,lysed reaction was taking place.

Pb, Mn and Hg were all found to be very good catalysts.
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Metals which showed any catalytic effect werec able to exist.
between two degrees of oxidation under reaction conditions,
while metals with stable oxides showed no effect. The general
variation of catalytic effect and constancy of activation
energy with impurity level were thought to be in agreement
with localised action of impurities.

Amariglio analysed his results in terms of Kobozev
theory of ensembles, a review of which is given by Toplin67.
Kobozev regarded the activity fto be centred in microfissures,
which can be considered as grain boundaries, where the
catalyst tends to accumulate. Inherent within the theory is
that there is an optimum size of the impurity-particle for
effective catalysis. Thomas68 also found that there existed
an optimum concentration of B2O3 for effective catalysis in
wet oxygen.

Further support for this idea was given by Hennig69’

42. If metals were evﬁporated, sputtered or deposited from
solution they appéared to increase the burning rate only when
they aggregated. On the other hand colloids appeared to
become less active on aggregation. In both cases catalyst
only occurred at the metal carbon interface7o. Colloidal
particles were also shown by ﬁennig, and later Thomas65, to
nove along the surface in channels in the absence of defects,

the explanation being in terms of attractive forces at the

leading surface of the catalytic particle where reaction occurs.
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4s discused in section 2.5.3 halogens inhibit
oxidation. In this field Mukuibo et a171 reacted graphites
containing 400 ppm Va and no Va with 002 containing 12.
The effect of 12 was negligible on the pure graphite, but on
the treated graphite the rate decreased until it approached,
asynptotically, the rate for pure graphite. At this stage
the graphite still contained 200 ppm of Va. This indicated
that only part of the Va was active which was taken to be on
the surface since that was easily gasified by I The inner
part not being catalytic suggested to Mukuibo that the

electronic mechanism was not applicable.

2.7.4. Effect of catalyst composition.

In addition to work already cited scveral other
workers in addition to finding that substances with stable
oxides were inefficient catalysts also found that the exact
form of the catalyst after various heat treatments and
outgassing procedures, altered in activity. This effect can
be interpreted by the electronic theory in that a deficit
oxide is needed to accept electrons for good esctivity, or on
the intermediate thcory in that the oxide must be only quasi
stable to allow rapid interchange of its oxygen.

Rakozawski 2

studying the catalysis of the 002
reaction at low temperatures found that heat treatments between

1400 and 1635°C did not result in loss of iron but did shorply
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reduce the catalysis. The activity could be restored by
secondary precheat treatments in H2 or O2 prior to reaction.
The catalytic efficiency tended to increcse with decreasing
particle size.

The results were explained on the basis of Fe being
active while FeC was non-active, Two counter balancing
mechanisms were used to relate the Fe/Fel concenfration.
Firstly at low temperatures carbon was removed from FeC
to make it active. Secondly reaction of 002 with iron
surface to form an oxide barrier to outward diffusion of
carbon and prevent removal of carbon from the iron by
reaction with 002.

Gallagher et a173 studied both the oxygen reaction
below 550°C and the CO, reaction between 700 ond 800°C with
iron, cobalt and nickel catalysts. They found that different
catalysts were effective for the different reactions. For
the oxidation reaction Fe203 and Fe304 which are n type
semiconductors were inefficient while ¥FeO which is of p type
was very effective, On the other hand Fe203 and Fe304 were
very effective for the 002 reaction. The authors suggested
that at higher temperature the mechanism depended on the
liberation of free metal which becomes incorporated into the

graphitc,
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3., APPARATUS AND EXPERIMENTAL PROCEDURE.

3.1. Apparatus.

The reasons for using carbon filaments at low
pressures are
1. By coating with pyrolytic carbon a very pure carbon
can be used;
2. A filament is easy to heat by high temperatures
experimentally:
3. The use of low pressure eliminates the effect of
diffusion,
The design of the apparafus was based on that

2’18. It consisted

previously used by Strickland-Constable
of three main units of pyrex glassware, 4 high pressure
storage unit connécted to the reaction vessel through a needle
valve and finally an analysis unit; the whole being connected
to a mercury diffusion pump with an oil backing pump.

The high pressure unit shown in Pig.3.1 was used
to store the hydrogen methane mixture, oxygen and either NZO
or CO; the latter being used for trial analysis. The drying
tube was filled with granular anhydrous calcium sulphate,
this being the most efficient drying agent which did not
adsorb organic wvapours., One other inlet tube by passed the

drying tube and hence cut down the volume of the plant.

This was used to obtain accurate gas mixtures when required,
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a mercury manometer being attached to determine the
proportions of gas mixtures made up.

A needle valve (Edwards Type D air admittence valve)
was used to connect this plant to the reactor vessel. This
was to enable small flow rates at low pressures to be
controlled. Because of slight leakage through this valve
when fully wound down it was found necessary to isolate it
with two taps.

The reactor vessel shown in Fig.3.2 was designed
so that it could be easily removed to facilitate cleaning.
The filament assembly is shown in Figs. 3.2 and 3.3, the
design of the holders being based on that used by Strickland-
GonstablelB. In the original design stainless steel blocks
were used which here were made of spectrographic graphite.
This seemed to cause less degassing problems and the
filaments did hot break so often at the point where they were
pinched in the blocks. The filament was pressed tightly
between these blocks which were themselves pressed together
by a leaf spring, the whole being held in a stainless steel
ring by a screw,. The rings were free to slide along the
glass tubes. A steel spring was used to carry the current
to the first block and to maintain a tension on the filament
which sagged considerably on heating if this tension was not

sufficient. At the other end firm copper wire carried the

supply. The D.C. supply used to heat the filament was
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dropped in voltage by resistors, the negative lead going to
the bottom wire to avoid glow dischargelB. The maximumn
voltage required was about 100 volts and in all cases exactly
5 inches of filament were heated; the temperature being
measured b& a Pye disappearing filament pyrometer, provided
‘with a screen to extend its range to 2400°C, which could be
read to + 20°C. |

Two other 1 mm diameter crystalline tungsten leads
were gealed in a B.19 socket at the top of the filament so
that subsidiary filaments could be used for coating the carbon
filament with impurities. On the outlet side of the reactor
a ?irani gauge head was situated for measuring the initial
» quéntity of gas put into the reactor,

The.analysis section in its final form is shown in
Pig.3.4 with two cold traps. The first was about 1 inch in
diameter with a centre tube of 10 mm bore and was only used
in leak tracing and degassing procedures. The actual
analysis cold trap was identical to the trap on the reactor
vessel, the smaller tube being about 1 inch long and 3 mm.
bore. Only about 1/2 inch of this tube was put in liguid
nitrogen to avoid volume contraction and cooling effects.

The accurate pressures were measured on a linear
scale McLeod gauge74. This type of gauge has a single
capillary scale; the reading being taken by moving the mercury

up to an engraved mark in the main tube. The capillary
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marks were calibrated so that this distance was normelly 25 cm.
A Penning or ionisation gauge could be put next to the McLeod
and these were used for continuously measuring the rate of
degassing and in leak tracing.

The Hopcalite was contained in a small removable
limb isolated by a tap. Next to this a similar tap and limb
could be pushed into the B,19 socket for the use of Sofnolite
to measure the 002 concentration in the absence of oxygen.
Ajternatively, as shown in Fig.3.4, another connecting line
to the vacuum pump could be used allowing the Hocalite to be
replaced and degassed independently of the rest of the
apparatus.

The connecting pyrex tubing in all the low pressure
- apparatus was of 10 mm bore. This was though a reasonable
compromise between the necegsity of large bores to reduce
diffusion effects and undesirability of very large bores
because of the extra volume introduced. A1l taps and
sockets were greased with Apiezon "IL",

The volumes of the apparatus were measured by
sharing gases between the various parts of the apparatus
neasuring the pressure before and aftef, the absolute volume
being found by sharing with a known volune, previous}y
evacuateé, attached to where the air admittance tube is shown
on the reactor. The mean volume of the reactor and analysis

section was found to be 1996 ce.
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3.2, PFilaments and Gases Used.

The filaments used were supplied by P.J. and J.
Planchon, Paris and were 0.3 mm diameter before coating with
pyrolytic carbon and in all cases 5 inches of filament were
reacted. The mechanism of pyrolytic carbon formation has

17 and it appears to be

been discussed by Diefendorfz%nd Meyer
a function of the geometry of the apparatus. However,
generally above 1800°C and a pressure higher than 15 mm Hg
gives a well deposited layer, In our case a nmixture of 20 mm
Hg of H2 and 10 mm Hg of CH4 was used and heating was to
2000°C for 10 minutes, after which the filaments assumed a
silvery appearance. In the course of this treatment the
pressure rose to about 40 mm Hg and the resistance at 2000°C
changed from typical values of 52 ohms to 24 ohms. This
compares with a change of only 10% found by Strickland-

Constable18

using the samne procedure, Some of the pressure
rise was thought due to degassing.

A1l the gases used were taken from commercial
cylinders via the drying tube into the storage flasks: the
lines first being evacuated ard flushed through twice with
the particular gas. For CO and H2 further drying was carried
out by allowing the gases to stand over a liquid nitrogen
cold trap. The tap to the storage flask was then closed and

the lines and trap degassed, The NQO and CH4 were frozen out

by a cold trap and re—evaporated, only the top fraction which
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came off being stored. The same was done with oxygen,

although in this case it did not condense out completely.

3.3« Analysis of Product Gases.

In the carlier stages of the work analysis of CO
was carried out by using a platinum filament. This method
however gave erratic results. A considerable time was spent
in trying to get the right conditions for this catalysis but
in vain. Attempts to activate the filament by coating it
with platinum black and heating it in a H2/O2 mixture as

183 had no effect. Heating the

suggested by Langmuir
filament at high temperatures appeared to activate it but only
temporarily. Neither the use of a P205 drying tube on the
analysis bulb nor standing the reactant gases over liquid air
appeared to help. The use of the P¢ filament had finally
to be abandoned.

The method of analysis for CO finally evolved was
to use Hopecalite at room temperature in a small removable
limb as suggested by Madley74. The exact quanfity of
Hopecalite used was found to be fairly critical. If too much
was used it was difficult to degass sufficiently without
adsorption of oxygen following during analysis, and if the
quantity was too small its activity fell off very quickly.
An optimum quantity for analysis at 50n was found to be about

0.1 gr., and at 5n about 0.04 gr.
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It is known that Hopcalite oxidises Co by two

. 2
mechan1sms§

The first is by oxidation from the Mh02 which

is irreversibly decomposed and the second is normal oxidation
by molecular oxygen. In our case the first mechanism alone
seems to apply since no molecular oxygen was used up. During
analysis part of the CO, appeared to be adsorbed by the
Hopecalite which part froze out in the cold trap. After about
25 analyses the Hopcalite required changing since it started
to 'adsorb' oxygen slowly and the rate of conversion of CO
became much slower,

The degassing of new Hopcalite took about 8 hours
without heating. For the analysis a cold trap was already
in position in the McLeod section and a pressure reading had
been taken. The reactants W&e then allowed to meet the
Hopcalite by opening the tap on the limb. A further pressure
reading was taken after 2 minutes, the drop in pressure giving
the quantity éf CO which had reacted to 002 and condensed out.,.
Check readings of the pressure were periodically carried out
after a further 2 ninutes, i.e. a total time of 4 minutes,
and these indicated if the Hppcalite had become inactive,

The 002 was analysed by simply condensing out in a
liquid nitrogen cold trap and measuring the pressure before
and after applying the trap. The differencqﬁn pressure
giving the C0, in the reactants., Again a contact time of

2 minutes was found to be sufficient. By merely having
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oxygen in the vessel and applying & cold trap a pressure
reading correction of 0.8n, for between 40 and 69p total
pressure was found necessary.

Trial analysis was periodically carried out by making
up a gas nixture at about 50, A typical anglysis is given

below, [Run TZOO]'

Mixture Analysis
14 ,0% CO 14 .1% CO
86 % 0, 85.9% 0, By difference.

For nitrous oxide runs with small burn offs the analysis
consisted of merely freezing out the NZO after reaction, the
remaining gases being taken as equal proportions of N2 and

CO as was found by Strickland—constablell.

3.4, Experimental Procedure.

Before putting in a new filament the reactor was
cleaned out with hot chromic-sulphuric acid and rinsed out
with distilled water. The reactor was then degassed until
the pressure rise over one hour was not detectable on the
Pirani gauge, i.e. less than 14y4 This normally took about
2 days, the filament being heated at 1500°C in 10 minute
periods towards the end of the procedure. The filaments
were then coated with pyrolytic carbon; the reactor being
evacuated irmediately after and allowed to cool, On

introduction of 02, but not NZO’ a certain amount was absorbed
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probably by the filament blocks.

In outline the procedure during runs was as follows:
a full run with the method of calculating the results is given
in Appendix 1.

1. ifter degassing taps 1 and 4 shut. Taps 5,6,7 and 8
were normally already shut. Taps 2 and 3 being open.

2. O2 introduced via the needle valve until 5QP
indicated on the Pirani.

3. After 5 minutes to allow for any adsorption and to
allow the McLeod to reach equilibrium the pressure was read
by the McLeod. This was taken as the initial pressure.

4. The filament was heated for the required time, the
temperature being measured by the pyrometer.

5. After 5 minutes to allow for cooling of the gases
and the filament tap 2 was shut. This allowed the analysis
to be carried out on a small sample of gas contained between
taps 2 gnd 5. At the same time tap 1 was opened to allow the
reactor to be degassed while analysing the gases., The
pressure was read on the McLeod after closing tap 2 and this
was taken to be the total pressure after reaction.

6. ILiguid nitrogen was then applied to cold trap A, to
freeze out the 002. After 3 minutes the pressure was again
read on the McLeod, and the drop in pressure gave the amount
of 002.

7. With the cold trap still in position the gases, now
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CO and 02, were contacted with the Hopcalite by opening tap 4.
The pressure was read on the McLeod after 2 minutes. The
pressure gave the amount of O2 unreacted, and the drop in
pressure (after 6) gave the amount of GO.
8. The cold trap was removed and tap 2 opened to degas

- the whole of the analysis section and reactor.

Degassing of the reactor normally took 10 minutes.
If the degassing was carried out for too long adsorption of
the oxygen initially introduced took place, Often on a new
day longer periods of degassing were required before starting
runs; the oxygen balances after runs giving a good indication
of whether the degassing was too short or too long.

Periodically readings were repeated after 2 minutes
to make sure steady values had been attained, and to check

the Hopealite.
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- 4, EXPERIMENT.L RESULTS FOR OXIDATION OF UNTREATED

FILAMENTS IN OXYGEN AND NITROUS OXIDE #ITH

PRELIMINARY DISCUSSION.

4,1, Introduction.

As already stated in Section 2, Duval found the
hysteresis for oxygen to be in the opposite sense to that
found earlier by Strickland-Constable. These differences
could be due to one of the following factors,

1. Differcnces in pressures used by different workers;

2. Differences in the filaments used;

3, Differences in the quantity burnt off during each
run, this being related to the pressure;

4, The use of static or flow systems.
While it was not possible to examine the differences between
flow and static systems using the present apparatus, an
exanination was made of the other factors.

It was also decided to see if the earlier results
for oxidation of nitrous oxide were repeatable and if reacting
a filament in nitrous oxide affects its subsequent reaction
in oxygen and vice versa. This is of particular interest
since one of the possible explanations for the differences
in hysteresis observed by Strickland-Constable for N20 and
O2 is thet the gases react at different sites on the

graphite.
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4.2, Rate~Temperature Hysteresis Curves for Reaction in
Oxygen.

4.2.,1., Rate temperature curves at 50u pressure.
P

A series of rate-temperature curves were determined
at 59u pressure on pyrolytic carbon filaments in the reactor
which had previously been cleaned out with hot chromic acid
and distilled water. Nt preoxidation of the filament was
carried out before the runs which consisted of first
determining the rate of reaction at increasing temperatures
and then at decreasing temperatures. The whole series of
runs were then repeated on the same filament to see if

recaction had altered its behaviour.

Maxinmum and change in Hysteresis. These results are plotted

on Graph 4.1 and shown more fully in Table 4.4,1. The
hysteresis changes sense between 1390° and 1450°C such that
above the crossover point it is in the low sense as found by
Duval. Below this point the hysteresis is in the high sense
which confirms the earlier results of Strickland-Cgonstable
whose results at 29y also showed a crossover in the hysteresis
sense at 1500°C. The maximum in the 'down' curve lies at a
higher temperature than the maximum in the up curve which
also confirms previous workers results,
The second series of curves, dotted lines on Graph
1.1, show a decreasec in the hysteresis effect. This could
. be due to the filament becoming inherently less susceptible

()~Thc reegults given herc in 4.2 arc rate tonperalurc curves; the

o
morc detailed hystereésis results &re shown in section 4.5:4.6
and appendix 51 7 :
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to hysteresis with increased burn off, or it may be due to
the experimental conditions in the two series being slightly
different; the hysteresis being dependent.on the exgct amount
and temperature of reaction at the proceeding point.

In order to examine the reproducibility of these
curves a fgrther seriecs of rate-temperature curves are plotted
on Graph 4.1 for two freshly coated filaments., Considering
that the hysteresis will vary because of the factors stated
above, the agreement between the results is very good. ~

411 the results at 50um show thgt the rate increases
very slightly again above 17OOOC, unlike the earlier results
of Duval apd Strickland-Constable, This is further shown
on Graph 4.2, where the hysteresis curves were started at
1440°C¢ to see if starting at a higher temperature made any
difference to the rate-~temperature curves. The only
noticeable difference between these results and the earlier
series is that the temperature at which the hysteresis
changes sense is higher. This could be due to the greater
burn off at high temperatures in this series because of the
greater number of runs carried out in the region 1400-2000°C,

Oxyvegen Balances.,

The oxygen balance except for isolated cases was
found to be very nearly 100% while the product was predominamtly
carbon nonoxide, The relative amount of carbon dioxide

increased with increasing temperature as shown on Graph 4.3.
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There is a lot of scatter on these points because of the small
gquantities of 002 neasured which are obtained by the
differences betwecen two large readings, The amount of 002

is in good agreement with the results of Strickland-Constable
who found a 002/00 ratio of about 0.1% at 1900°C and of 0.02
below 1600°¢, The fact that the COZ/CO ratio starts to
increase with temperature after 1550°¢C while the total rate

of reaction is fairly constant is indicative of another

reaction mechanism starting to predominate a2t high temperatures

4.,2,2, Effect of pressure on Rate-temperature curves.

1501 runs. Rate temperature curves were determined at two
other pressures, 5u and 150n. The earlier results at 15gu
plotted on Graph 4.4 were obtained using the less accurate
method for CO analysis, namely a platinum filament, but the
increase in pressure was in good agrecnent with the amount of
CO found by analysis. The hysteresis at 15Qp appears to be

in the same sense over the whole temperature range, the whole
hysteresis being in the high sense,. This could be due to

the higher burn off or pressure used, but it is also possible

" that it is beceuse the filament was only taken up to 1800°¢
while those showing crossover in the hysteresis were reacted
up to 2000°¢,

5u runs. In order to see if at lower pressures the hysteresis
changed sense at a lower temperature and thereby tended towards

Duval'’s results, a series of runs were also carried out at @p.
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The results of these runs are plotted on Graph 4.5 and given
in Table A.4.5.

The particular filament used had previoﬁsly been
reacted in oxygen at 50u, Runs 864-884 and so to remove any
possibility of pressure hysteresis effects the filament was
Tirst reacted at 850°C for a total of 30 mins. while 5u
pressure of oxygen was flowing through the reactor. This was
followed by further reaction at 1000°C for 10 minutes and at
850°¢ for 22 minutes, the filament remaining matt black
throughout this treatment.

The rate-temperature curves obtained differ from the
results at BQp in that the rate increases with a strong - i
positive temperature coefficient above 1550°C. This effect
is similar to that found by Meyer, whose results were
explained by Duval2 and Strickland—(}onstable3 in terms of a
enhanced reaction due to glow discharge and by the catalysis
of CO on Meyer's platinum lead wires. In this work, slthough
no platinum wires were present in the reactor a glow discharge
was visgible during Run 894 at 194000, although the polarity
of thc leads were the same as Strickland-Constable found
necessary to remove the glow discharge i.e. negative to the
bottom. In our case the filaments were twice as long as used
by the former worker. For the remaining runs, which were the
whole of the down curve a cold trap cooled with liquid nitrogen

was operating while reaction was taking place. Duval found
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that such a cold trap removed the enhanced reaction but in the
present work although the visible glow discharge was renmoved,
the results still showed characteristics of the enhanced
reaction. This is particularly evident from the high COQ/CO
ratios found at these temperatures, the ratio raching 1.1 at
1740°C.  For the rest of this work the results of the
enhancced reaction are ignored.

The results at Qp do show that the hysteresis does
change sense at a lower temperature 1200°C +than for the 50u
pressure results where the change was about 1450°¢, This
indicates that the differences between Duval's hysteresis
results at O.Zu and ours at 5Qp are related to the pressures

used,

Order of Reaction. The order of reaction over the pressure

range O.6%p to 150m can be obtained by plotting log rate
against log pressure, the slopes of the lines giving the

order with respect to the oxygen concentration. This is shown
on Graph 4.6, the points for O.6§p and 20n being obtained from
the results of Duval and Strickland-Constable respectively.
Above 1000°C the reaction is first order below @p changing to
1.5 order over 2Qy. As the temperature increases the sane
change in order .s closely followed while at 1000°C the order
appears to be nearer one over the whole pressure range.

fibove 1600°C no rate values are available at 0.65u and the

results at EP are of the zero order enhanced reaction, but
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GRAPH 4.6 Logm rate against Logm pressure
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the results at 1800°C for pressures above ZQP still show =
1.5 order reaction. The relevance of these orders is

discussed in Section 7.

4.2.3. Effect of burn off on Rate-Temperature curves.

The results at %p pressure indicated that the
hysteresis changed sense at a lower temperature to the results
at BQP‘ This shift could have been due to the fact that at
%p the burn off was nuch lower, Rbbeing about 2‘x10—9 as
against 3 x10°° gr aton carbon/sec,cm2 at 50p pressurec,

In ordér to test this hypothesis a series of rote-temperature
runs were carriesd out at SQy as before, but keeping the
reaction time down to 5 seconds as against 30 seconds for

the earlier results,

A freshly coated pyrolytic filament was first burnt
for & total of 4 minutes at 2000°C and then Runs 1077-1098
carried out. Due to the small amounts of products formed it
was not possible to analyse for the carbon dioxide. During
all these runs a liguid nitrogen cold trép was on the reactor
during reaction. After the decreasing temperature runs, the
filament was twice burnt for 2 minutes at 930°C in SQp of
oXygen. The results of these runs are given in Table i.4.7
and plotted on Graph 4.7.

From this graph it can be scen that the hysteresis

changes sense at 1480°C which is the same temperature range
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as obtained with 30 seconds burn off. The rates tend to be
about 1.5 times higher than those obtained at 59u but thié
could bevdue in a large. part to the experimental efror being
greater becausc of the smaller amounts of products. It is
also possible thet the filament does not recover so quickly,
becouse of small burn offs, from its high temperatufe
reactivity.

Apart from the slightly increased rates, the curves
at 5 seconds and 30 scconds are in close agreement and
therefore the shift of the crossover point cannot be explained
by the smaller burn offs at ép. The amount burnt off at @y
was about 1 %1077 gr atoms/cnHt. while 2% 501 for 30 and 5
’SQCS.. it was respectively about 1 xlo’éeumiz X10~7 gr atons
/owe. for each runm.

ﬁ It follows)a priori that the lowering of the
' tenperaturce of the hysteresis crossover point is a true

function of the pressure.

4.,2.4. - Carbon tetrachloride prepared filament runs.

For the majority of his runs Duval used non-
graphitiscd filaments prepared by c<eracking carbon tetra-
chloride. In order to see if the difference in the filament
used could explain the differences in the hysteresis results
observed here and in Duval's work, a filament was prepared

76

by the same method which is that of Nishiyana' ™.
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The basic carbon filament was heated in three
separate batcbes of CCl4 vapour at 1500°¢ under & pressure of
30 mn Hg for 10 minutes, The CCl4 was of general reagent
quality and was distilled in the apparatus using liquid
nitrogen. During the heating of the filament in CCl4 a thick
white nmist formed and white and brown solids were deposited
on the reactor walls. The white mist was almost certainly
chlorine liberated by the reaction. The filement so coated
was silvery in appearance but slightly thicker then the
methane prepared filaments.

After cleaning out the reactor with chrc.nic acid
and distilled water the filament blocks and associated
supports were filed clean, The filament was then degassed
by prolonged heating at 1500°C under vacuum before Runs 1049~
1076 were carried out. The results of these runs arec given
in Table 4A.4.8 and plotted on Graph 4.8.

In the first series of runs at increasing
temperature, 1049-1059, the COZ/CO ratio was a factor of about
3 higher than for the decreasing temperature runs and for the
methane treated filament. This may be due to some local
contanination on the support blocks as noticed by Duval which
evaporates off at higher temperatures. The rate of rcaction
is generally within 20% of the results obtained on methane
prepared filanments, There appears to be very little

hysteresis below 1300°¢ but what is present is in the opposite
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sense to that found by Duval, this effect continuing up to
1800°¢ after which the hysteresis changes sense,

The hysteresis therefore changes sense at a higher
temperature on this non-graphitised CCl4 nrepared filament
than for the methane filaments and it seems very unlikely
that the differences between our results and Duval's can be

explained on the basis of different types of filaments used.

4.3. Reaction in Nitrous Oxide at 50m Pressure.

4.3.1. TFilaments rcacted only in N2 0.

In carlier work Strickland-Constable found hysteresis
effects for the reaction of filaments in N,0 at 10@u to be
in the same sense as Duval's oxygen results, that is low
sense hysteresis. The former also found that the rate of
reaction of a freshly coated filanent was very small and he
therefore activated his filaments by heating them for
prolonged periods at 2000°C in 1 to 2 mm Hg pressure of N20.
Whenever this was attempted during the present work the
filaments rapidly formed hot spots and fused. The reaction
was therefore studied by condensing out the N,0 after reaction
and assuning the residual gases to be equal parts of N2 and
€0 as found by Strickland-Constable.

The most activated filement used was heated three
times for 1 minute in NEO at 1.5 mnn Hg pressure at EOOOOC,

followed by 2 minutes in 50u of NQO. After an initial run
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at 1810°C a series of runs 960-970 were carried out at 201000,
the results are given in Table 4.1. The first results,

Runs 961~965 show a gradual increase in rate with burn off.
After run 965 the filament was again heated for 1 minute in
1.5 mn Hg of N2O to see if this caused furth.ractivation, but
the results of the next two rums 966 and 967 show no
significant difference in rate, After run 967 the filament
was heated for 2 periods of 1 minute each at 2060°C in vacuum
to see if this caused degassing or altered the rate, A
negligible guantity of gas was desorbed but the results of
runs 968-971 showed thet this heating in vacuum appears to
have activated the filament initially, the same value of R =
1.03 as previously found was attained after a burn off of
about 4 XlO”7 gr atons of carbon/cmg.

Rate-temperature curves were then determined on
the same filament, the results are shown in Table A.4.1 and
plotted on Graph 48 . The rate goes through a maxinunm at
about 1%00°C and also increases after 1600°C as found by
earlier workers. This increase at higher temperatures can
be explained by the dissociation of nitrous oxide,

Unlike the Strickland-Constable results, where
large hysteresis effect was observed between 1100 and 18000C,
the hysteresis is very small below 1600°¢, This difference
may be due to differences in pressure used but is more likely
due to the fact that the previous worker used much nore

activated filaments.
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Table 4.1, Reaction in 50u of N,0.
7
Filament No,.45,
Run No. Seconds Initial Pressure R x 109
reaction pressure CO + N2
> 7

960 120 50.6 1.5 0.49
961 50.4 2.7 0.87
962 49,2 2.8 0.91
963 48,0 2.9 0.93
964 50.0 3.1 1.00
965 49.8 3.1 1.03
966 49,2 3.1 1.03%
967 47.0 2.6 0.84
968 60 48.4 2.0 1.29
969 60 48.0 2.3 1.15
970 120 AT.2 3.6 1.16
971 120 46,2 3.1 1.03

Reaction at 2010°C except Run 960 at 1810°C.



4.3.2, Filament previously reacted in Oxygen.

A series of runs were also carried out using a
filament previously rcacted in oxygen to see if reaction in
oxygen affected the subsequent reaction in NZO‘ The
filament used, No.43, had previously been reacted in oxygen
at iy pressure. After degassing by prolonged heating at
18000C, an initial run at 950°C was followed by ten runs at
1800°C to see if the rate varied with burn off.

These results, Table L.4.14, Runs 905-914, show that
the activity of the filament decreases with burn off, but
tending towards a steady value. A series of rate-temperature
curves were next determined on the same filament, Graph 4.16
(Table &.4.10). For the first two curves several runs were
carried out at each temperature to see if the rate varied
appreciably with burn off after reaction at the previous
temperature. The rates did not vary much and for the
purposes of plotting Graph 440 the initial rates were plotted
so as to give the naximum hysteresis effect,

These curves show that the initial and final rates
are the same at 2000°C and 500°C which suggests that the
filaments activity is not changing, the oxygen effect having
been renoved by the earlier reaction at 1800°¢C. The rates
of reaction obtained in the final series become very near to

those obtained on a filament reacted only in N,0.



2.0

1-6 1

1.2+

08 4

041

103 x [RATE g .atoms cm2 sec-l)

GRAPH 4.10 Rate-temperature curves for No0; filament previously

Runs 919-935

Runs 938 -—948
Runs 951 —959

AN

reacted in 02 .

O
O

X

1
1000

|
1200

T
1400

i
1600

1
1800

1
2000 ,



75.

The effect of reaction in oxygen on the subsequent
riaction in N,0 is further treated in Section 4.5.4, The
results here do show however that it was not possible to
permanently activate a filament for NQO by reacting it

previously in oxygen,

1.4. Study of Hysteresis in Oxygen.

In order to further test that the hysteresis as
measured on the rate-temperature curves is truly in the
opposite sense to Duval's results his method of measuring
the hysteresis effect by determing the rate at increasing
burn-off until a steady value of rate is attained was used.
This method also has the advantage that it enables the steady

value of R to be determined at any particular tenperature.

4.,4.,1, Initial Results on different Pilaments.

Curve B on Graph 4.11shows the effect of burning
at a high tenperature 1350°C after reaction at a lower
temperature 960°C for a total of 13 minutes. The rate
reaches a steady voalue after a burn off of about 7 X166 gr.
atoms/cm2 compared with 3 x107 " gr atoms/cm2 for Duval's
results. Thce hysteresis is in the opposite direction to
the latter's results and in agreement with our rate-
tenperature results. It might be expected that the constant

rate reached would be midway between the up and down curves

of the rate-temperature runs, but the results show a rise
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fron 3 to nearly 5.4 x1070 gr atoms/cm2 sec. The constant
rate recached is therefore significantly higher than the mean
rate value given by Graphs 4.1 and A.t.1.

The sane effect is shown on Graph 4.1 where a
freshly coated filament was reacted at 1530°C after a total
of 17 ninutes reaction at 910°C. In this case, however,
after an initial decrease the rate goes to a steady value of
4.5 gr‘atoms/cm2 sec which is 1.5 times higher than the rate
reached in any of the rate-tenprature runs at this temperature.
Curve C, Graph 4.12, shows a similar effect at 1440°C end in
both these cases the constant rate was reached after a burn

off of about 5 x10~°

gr atoms/cmz.

Reaction in the opposite direction for exanmple
Curve A, Graph 4.10, where reaction was at 1300°C shows the
hysteresis in the oprosite sense és expcected, For these
particular results the rate decreased over a burn off of about
5 x107° gr atoms, which is less than required in the
previously mentioned runs to reach a steady value. After
this decreasc the rate appears to increase slowly, almost
linearly with burn off. The same type of result was obtained
for reaction at 1380°C (after 1750°C) is shown on Graph 4,133
both results being obtained on the same filanent. These
results were not expected in so far that they suggested that

the filament permanently increased in activity with increasing

burn off.
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This last result, and also Curve A, Graph 4,11, for
reaction in the opposite temperature direction, showed an
increase in rate over the first two runs which covered a burn
off of about 5 %10~ gr atoms/cmz, which is close to the value
Duval found necessary to give a constant rate, The relevance,
or not, of this factor is further discussed latew; this
initial abnormality has only been shown in a few of the
results (See also 4.5.1 and 4.5.4) and in this particular
case is thought due to temporary inhibition causced by the
filament standing in vacuun overnight.

On the rote—temperature curves the hysteresis |
changed sense about 1500°C with a smaller effect above this
temperature, Results obtained at 1680°C (after 13%50°¢)
shown on Curve C, Graph 4.11.confirm the rate-temperature
curve results; the hysteresis being initially in the low sense
and of small magnitude. Again, however, the constant rate
attained was higher than that given by the rate-temperature
curves,

No hysieresis was detected for reaction at 1750°¢
(after 1440°C), Graph 4,18, the rate attained being compatible
with the rate-temperature curves, while reaction at 1000°¢
(after 1380°C) showed very little hysteresis (Graph 4.13);
but the slight hysteresis shown was compatible with the rate-

tenperature curves.
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Reaction at 175000, on a freshly prepared filanment
at 2000°C, showed slight hysteresis in the low sense, i.e., the
rate was initially low, Graph 4.12 Similarly reaction at
1100°C following heating in vacuun at 1750°C for 5 minutes,
Table i,4.12, and following heating in vacuunm at 110000,

Graph 41,12, gave an initial low rate which increased with burn
off. Heating in vacuum, therefore, appears to deactivate
the filament. |

4 study of the effect of burn off on the hysteresis
was also carried out on the filament prepared frbm CC14.
Reaction at 1550°C, after 980°C, shown on Graph 4.1% gave
hysteresis in the high sense Whlch is consistent with the rate
tenmperature curves for this fllament (See Graph 4.6), Again
the constant rate rcached was very near the maxinum reached

on the 'down' curve.

(NN Surmary of Initial Hysteresis Results.

1, Generally the hysteresis was in the samec secnse as
given by the rate-temperature ~urves.

2. 4 steady state value was not attained after a constant
burn off as found by Duval,

3. Heating in vacuum appearced to deactivate the filament.

4. Certain anomalous results were obtained over the
initial burn off in certain cases, giving hysteresis in the

opposite sense to that expected.
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5. The steady rates reached were higher than would be
expected from the rate-temperature curves and the filaments
showed a tendency for its activity to increase permanently

with burn off.

4.4.%., Steady value rate-temperature curve obtained from

hysteresis results.

In order to attain a true rate—-temperature curve a
filament was burnt at various temperatures until steady rates
were rcached. By using the same filament and burning it at
increasing temperatﬁres and then decreasing temperatures it
was possible to see if the filament became permanently
activated by reaction.

The results of these runs are given in Table A.4,13
and plotted on Graphs 4.15 - 4.17 in the order of first
increasing and then decreasing tenmperature. These hysteresis
curves were consistent with previous results, showing very
little hysteresis above 155000, but any hysteresis which did
show above this temperature was consistent with the change of
sense shown by earlier rate-temperature curves.

As Tar as possible the particular curves were
determined on the same day but when the filament was left
standing overnight an initially low rate was found, as
indicated in Graph 4.1/7. Some of the curves also showed the

same anomalies as found earlier; for cxample for reaction at
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133000, Graph 4,17, the initial rate was lower than the general
trend of the subsequent rates, although this series was not
started on a new day.

From the steady rate values obtained on these
hysteresis curves a composite rate-~temperature curve was
obtained, Graph 41,18,

The down points on this curve indicate that
generally the filament was not permanently activated by
reaction since the same constant rates were obtained after
considerable burn off. However the final runs at 980°C,
Graph 4.15, showed no tendency for the rate to stop increasing,
and the rates obtained were much higher than those obtained
earlier. The burn off on the filament by the time reaction
was carried out at 980°C was about 6 X10-5 gr atoms/cm2 and it
is possible that by then the pyrolytic carbon had been
consuned.,

Comparison of Graph 4.18 with the 'up' and 'down'
rate-temnperature curves, Graph 4.1, indicates that the highest
rates obtained on the latter curves were near the stcady rate
values., That is the true rate does not lie between the 'up!
and 'down' curves. This conclusion is in keeping with the

hysteresis results described in 4.4.1.

4.5, Effect of Burn off on Hysteresis for Filament Reacted
in both N,0 and Q5.
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A series of runs on the same filament were carried -
out to sce if trecatment affected the rate in oxygen and
conversely. The filament used was freshly coated and degassed
at 1500°¢. The series of runs were carried out in the

following order:

1. Reaction in 0, at 970°C 2. Reaction in 0, at 1300°C
3. " "0, " 960°% 4. " "ON,0 " 1300°C
5. " "W,0 " 1300°C 6. U "0, " 1300%
7. n "w,0 " 970% 8. " " N,0 " 1300°
9. L "0, " 1300°¢ 10, WoTomoN,0 " 1300°C

The results of these runs are given in Table A,.4.17 and

plotted on Graphs 4.19 - 4.22.

1.5.1. Oxygen—-0Oxygen results, Graph 4,19.

The curve given by reaction at 1300°C after reaction
at 970°C follows the same form as the earlier results, although
of smaller nagnitude, Section 4.4, and again the value of R
finally obtained is nmuch higher than the mid value for the
rete-tenperature curveg, Reaction at 97000 and 96000 after
heating in vacuun at 1500°¢ and in oxygen at 1300°¢
respectively generally showed negligible hysteresis effect,
except forfthe first point. This first point could be due to
experimental errors but if the dotted portion of the curve is
considered the hystercsis appears to be effective over a total

burn off of about 7 X10—7 gr atoms/cm2 sec, which is again of
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the same order of magnitude as found by Duval. This
hysteresis in the low sense which is again as found by Duval.
Curve 4 gives initially a higher rate after heating in vacuun
which is the high sense,. This is in keeping with the rate-
tenperature curves but may be due to some other factor: it
being possible that both reaction and heating in vacuun
activate the surface at 150000, but by different mechanisn.
This is also the reverse of the results given in section 4.4.1
where heating in vacuun at 1100°¢ appeared to deactivate the

filament for reaction at 1100°C.

44542, Nitrous oxide~Nitrous oxide results.

Reacting a filament in NQO at 1300°C after reaction
at 97000 in NQO shows hysteresis in the low sense, Graph 4,22
Curve B, The constant rate achieved is about 9.0 x1077
gr atoms/cm2 sec, which is very close to the rate found on the
rate-tenperature curves for the filament previously burnt in
oxygen, Graph 4.,Q. This rate is reached after a burn off of
approxinately 7 x10~ " gr atoms/cm2 and the hysteresis is
consistent with the earlier rate-temperature curves of
Strickland-Constable. This author also reported that a
filament activity increased with burn off for reaction in
NQO and although this was not found in our earlier results
it can possibly be seen in Cyrve B, Graph 4.21, where reaction

was at 970°C after reaction at 1300°C. This particular
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result is in no way conclusive due to the large scatter of the
points,

A further example of where increased burn off 4did
not increase the activity of the filament is given in Runs
1004-1009, where reaction was at 1960°C on a freshly coated
filament last degassed at 2000°C in vacuum. The rate showed
no increase with burn off remaining constant about 0.6 X10_9

gr atoms/sec cmz, Teble A.t.14.

4.5.3. Reaction in O, after burning filament in N,0.

Reaction in oxygen at 1%300°C after reaction in N,0
at 970°C, Curve A, Graph 4.20, shows that the sense of the
hysteresis is not affected, it being in the same sense as if
the rcaction were in oxygen, although the curve is much
sharper. Reaction at 130000 after reaction in NZO at 130000
shows very 1little effect, Curve B, Graph 4.20, except for the
first 7 X10_7 gr atoms/cm2 burn off where the filanent seems
to have been deactivated by the treatment in N,0. This
could also be due tc oxygen adsorption, A filanment burnt at
1220°C after the N20 rate~tenperature curves at which the last
tenperature was 20.0°C showed slight hysteresis in the low
sense, Curve C, Graph 4.20. This result can be conmpared
with the results given in Section 4.4 where it was shown that
reaction at 1100°C after 1750°C in reaction gave a high sense
hysteresis while heating in vacuunm at 1750°¢ gave a low sense

hysteresis,
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4.5.,4+ Reaction in NZO after burning in 02.

At 1300°C the filament does not seem to be affected
by previous burning in O2 for subsequent rcaction in NQO;
Curve C, Graph 4.22. The curves A on Graph 4.21 and Graph
4.22 for rcaction in N,0 at 1300°C and 970°C after reaction in
0, at 960°C and 1300°C are of very sinilar shapes. They both
suggest that initially the filement is more resctive. It is
also quite likely that the initial runs are due to desorption
of O2 from the filament and blocks.

In support of this hypothesis it is known that
oxygen is adsorbed while nitrous oxide is not. When reaction
is in oxygen only, by suitable degassing and short reaction
timegk%he rates of desorption and adsorption are equal. For
following reaction in nitrous oxide the desorption still takes
place. Conversely for reaction in oxygen following reaction
in nitrous oxide the filanent would be in a greater state of
desorption and so adsorption would take place. I+ would also
seerlt possible that this could explain the result on Graph 4,13
where rcaction in oxygen at 138000 following reaction in
oxygen at 1750°¢ gove an initially low rate.

However this result and the result for oxygen
following rcaction in N2O given on Graph 4.20 does not seen
explicable on this hypothesis because in both cases the oxygen
balances where 100% showinhg no net adsorption. The quantity

adsorbed would need to be equivalent to 2.4 and 1.4n CO which
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would give a significant lowering of the oxygen balances.

In the case of nitrous oxide the reaction tinmes
are far longer and the queantity desorbed would only need to
be of the order of O.%y CO and in this case the explanation
appears feasible.

If these initial points are ignored the filament
appears to become active with burn off the rate tending to
an asymptoté. and therefore reaction in oxygen appears to
deactivate the filament for subsequent reaction in nitrous
oxide. |

The decregse in activity for rcaction in N,0 at
1800°C is shown on Graph 4.23 for a filement previously reacted
in oxygen. This case was dealt with in Seetion 4.3 and it is
importent to realise that the previous reaction in oxygen was
at Qp, and also the filament was degassed for 27 minutes at
1800°C before reaction in N,0. In the light of the other
results given here it is suggested that this initial
activation is not due to the fact that the previous reaction
was in oxygen, but rather due to the fact that the previous
reaction was at a nmuch lower pressure. It is in fact a
pressure hysteresis effect as found by Duval.

4.6, Verification of true hysteresis effect.

In the previously mentioned results there is a
certain amount of doubt as to whether the hysteresis is a

true hysteresis effect or to whether the effect was largely
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due to basic increased reactivity of the filament. The
results shown on Graph 19 suggest tﬁat the activity of the
filanent at low temperatures had increased with burn off.

In order to verify the hysteresis effect a freshly
coated filament was reacted at 950°C and 1270°C alternatively
after steady rate values had been reached. The results are
plotted on Graphs 4.24 and 4.25; the numerical values being
given in Table 4A.4.18.

Examination of these curves shows that the reactivity
does not increase with burn off, This is particularly
evident for the curves at 950°C, curves 1,3 and 5, and the
hysteresis is in the same sense as generally shown by the
other results. The slight variations in the steady rate
achieved could be due to slight differences in the filament
temperature it being inmpossible to estimate the temperature
closer than 10°C. Also for curve 6 when the rate was slightly
lower, a considerable burn off had already taken place and
this lowering nay therefore be due to a reduction in the
dianeter of the filament.

For a new filament Curve 1, Graph 4.24, shows a
considerable time of reaction is necessary to achieve a steady
rate at 950°C, It is therefore thought that the apparently
erroneous results on Graph 19 were duc to the fact that
initially the reaction at 970°C (Curve A) was not continued

sufficiently long for a true steady value to be obtained.
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Examination of curves 2,4 and 6 show that the amount
of reaction, both in time and burn off, necessary to reach
the steady state increases with increasing burn off. There
is also evidence of this in comparing Curves 3 and 5.

Earlier results on different filaments, Section 4.4, and
4.5, also showed variations in the amount of reaction
necessary to reach the steady state.

Also shown on the graphs are certain values
obtained after the filament had been standing overnight under
vacuun, As before the rates then found were lower than the
general trend. The oxygen balances after run 1469 were
slightly high., This is thought to be associated with the
fact that the Hopcalite was changed before Run 1469, although
a trial analysis was very satisfactory.

In all cases the filament burnt black, via a bronge
stage, at 127OOC, and silvery at the lower tenperatures.

The amount of burn off required to turn a silvery filament
bronze and vice versa was found to be fairly constant at about
2 X10_6 gr atons of oarbon/cmz. The burn off to turn a matt
black filament silvery was also found to be fairly constant

at sbout 4 x107° gr atoms of carbon/cmz. The letters S, B,

and M in Toble A.18 show whether the filament was respcctively

silvery, bronze or natt black.
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AT Appearance of Filaments.

L1eTe.1, Colour of filament.

During reaction in NZO only ,the filament maintained
its silvery appearance, while at certain reaction temperatures
in oxygen the filament became matt black. This blackening
of the filament occurred around the point of maxinum rate,
and the filaments returned to a silvery appearance at both
very low and high temperatures. This phenonenon was noticed
during the rate-—-temperature curves for both methane and CCl4
prrepared filaments. For the 50 runs the exact temperatures
at which the filesnent was black or silvery were not well
defined depending so much on the past history of the filament.
For the 5un runs the filament was initially black and remained
black after 30 ninutes reaction at 850°C in 5u of oxygen and
throughout the rate tenperature runs. For the low burn off
runs the initially silvery appearance beceme greyish after
reaction at 105000, recovering its silvery appearance at the
end of the series of runs.

The way the filament becane black at intermediate
temperatures and silvery at low temperatures was shown after
run 862 when the reaction was in oxygen at 1440°C, the
filament being black, After reacting at 930°¢ for 8 mins.
the filament reverted to its silvery colour. The reverse

was shown during runs 863-874 at 1350°C when the initially
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silvery filament remained silvery for the first 45 seconds
reaction but after a further 30 seconds the filament becane
guite black. The temperature above which the filament goes
black nust be near 1100°C because during runs 1181-1199 at
1100°¢ the filanent only became slightly tarnished, Reaction
at 1750°C, Runs 1175-1180, did not cause the filament to
become blackened.

There appeared to be very little direct relationship
between the blackening of the filament and its reactivity.
For although during reaction at 1330°C after 1520°C and at
1180°¢ after 133000, Graph 4.17, there was a considerable
decrease in rate the filament remained black. On the other
hand for the reaction at 98000, Graph 4.17, while the rate
was steadily increasing, the filament was becoming
progressively more silvery.

Between the dead black and silvery states the
filament appeared to go through a bronze state. This is
probably due to very slight roughness on a nicroscopic scale
causing optical interference and hence the bronze colour,

Heating a black filament in vacuum at 1800°¢ for
5 minutes caused no visible change but on raising the
tenperature to 2000°¢ the filement becane silvery at the ends
after 5 minutes and silvery over the whole length after a
further 5 nminutes. At this temperature the actual

vaporisation of carbon becomes significant.
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The NZO results on oxygen;@péated'filaments were
such that the filament remained in its initial state either
black or silvery. During runs 988-~-994 the total burn off
required to turn a filament black in oxygen was 877 x1078
gr atons oarbon/cmz. Burning the filament subsequently in’
N,0 for a total of 345 minutes to give a total burn off of
€.6 xlO"5 gr atoms/cm2 caused no visible change in the
filament,

Both Duval and Strickland-Constable found blackening
of the fikament at certain temperatures in oxygen. Duval
reported that his filaments burnt black and matt at low
temperatures while at high temperatures that they becane
greyer and mnore brilliant. Strickland-Constable on the other
hand reported that his filaments burnt black at high
tenperatures but recovered their silvery appearance at low
temperatures. In our case the filanents burnt black at high
burn off at intermediate temperatures and recovered at low
burn offs. Nitrous oxide did not burn a filarment black, but
neither did it burn a black filament silvery. For the
filanent to be turned silvery st high temperatures in oxygen
considerably longer heating was required if heating in vacuun
than if rcacting in 0,. It seems likely that the effect in
vacuun is due to the slow vanorisation of the carbon at these

high tenperatures.
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4.7.2., Microphotographs of filaments.

A freshly coated filament shows the cone structure
typical of pyrolytic carbon, Photo.l. The filament formed
from CC14 was characterised by more closely packed cones with
less size fluctuation, Photo.2.

After reaction the cones were still clearly visible
but no hexagonal pits could be detected as reported by some
workersZBS, even at 900°C, Filaments burnt in oxygen at
1200°¢ and 2000°C arc similar in appearance although the
filament at 2000°C does appear smoother with less visible
cones as can be seen by comparing Photos 3 and 4.

Filamentgurecacted in NZO were often characterised
by several deep craters on their surface, small cones again
being visible at the bottom of the biggest craters. A
typical shallow crater is shown in Photo.5 and it can be seen
how smooth the filament is around the crater. The filament
burnt in O2 and then NZO showed no such qraters; a typical
part of the surface being shown in Photo.6 which is very
gsimilar to the oxygen only reacted filaments. It is thought
that the craters are initially formed when trying to
activete the filement at 2000°C in 1.5 m.Hg of N,0. During
these attenpted activations many fused and hot spots formea -
both facts could be associated with craters. On the

filaments actually used only about 6-8 large craters were
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visible with no smaller orateré visible even at the highest

nagnification.

A.7.3. Spectrographic analysis of filaments.

Certain filaments were analysed by a spark
spectroscope, The results for uncoated, coated and
unreacted filaments are shown in Table 1.2, several
substances were present but the main inpurity was iron.

The higher boron concentration found on filament
25 could be due to the reactor not being clean after the boron
runs. A1l the other substances were found in very nearly
equal quantities and were present in the original cellulose
decomposed filaments.

This type of analysis, as such, however,gives no
indication as to whether these impurities are present in

the pyrolytic carbon by diffusion from the interior.
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Table 4.2. Spectrographic analysis of untreated filaments.

Filament 1., Coated with pyrolytic carbon, but not reacted.

Filament 25, Coated with pyrolytic carbon, and then reacted
in oxygen. Runs 557-567.

Substance Detection Filament Filament Urcoated
Linit 1 25 filament
(ppm) -
Copper 5 - - -
Platinun 50 - - -
Boron 10 v.slight * very slight
trace trace
Tungsten 500 - - -
Tin 50 - - -
Zinc 20 - - -
Iron 10 * * ¥ 20530 ppm
Silicon 20 * * *
Magnesiun 5 * * *
Aluminiun 5 ¥ * *
Calciun 20 * - -
Manganese 10 very slight * very slight
trace trace
Phosphorus 100 * * *

* The substance was definitely found, although only as traces.
The boron detected for the uncoated filanent could have come

from the electrodes since in this case they were not boron free.
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1.8, Summary of Experimental Results for Untreated Pilanents.

1.8.1. Rate-temperature curves in oxygen.

a). At 5Qp 2 second series of runs on the sanme filament
reduced the hysteresis effect and brought the curves closer
together. Graph 4.1.

b). The product was predominantly CO but the 002
concentration increased after 1500°C. Graph 4.3.

c). At SQu the hysteresis changed sense between 139000
and 1450°¢,

d). At 150n for a filament reacted up to 180000 the
hysteresis was all in the high sense. Graph 4.4.

e). At 51 the hysteresis changed sense at 1200°¢ while
above 1500°C the enhanced zero order was evident.

£). ILow burn off curves at 50n were in good agreement
with the earlier results.,

g). A carbon tetrachloride filament showed a hystercsis
crossover at 180000, the rates of reaction being comparable
with the methane prepared filament.

Selected figures from these results are given in
Table 4.3.
4.8.2. A steady value rate—temperature curve showed no
increase in rate above 1500°C; the rates of reaction were

found to be near the highest rates reached in the 'up' and

'down' rate—tem: zrature curves.
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4.8.3. The order of reaction above 1000°C was 1.5 order

between 20 and.15Qp. At 1000°C the reaction tended to be
first order over the whole pressure range. Using other
workers data the reaction between O.6§p and ?p was first
order, - Graph £eba

4.8.4. The rate-temperature curves for nitrous oxide
showed very little hysteresis below 1500°¢ and above this
temperature the rete increased steadily with tenperature.
The filaments were far less active towards N,0O than towards
0,.  Graphs 4,9 and 4.1Q.

4.8.,5.  Hysteresis in oxygen. In general the sense of the

hysteresis observed was the same as found by thce up and down

temperature curves and showed signs of a crossover in sense,

At very high temperatures the magnitude of the hysteresis was
ruch smaller,

The burn off required to attain a steady rate value
was not constant, and the amount was considerably larger than
found by Duval. A 0014 prepared filament gave results
consistent with the others at 50p.

Heating in vacuum, and leaving a filament standing
in vacuun overnight appeared to temporarily deactivate the
filament.

1.8.6. Steady ratec curve. i series of hysteresis runs,

burning the filament until a constant rate was obtained,gave a

rate-temperatur. curve with the rates of reaction near the
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values obtained on the up curve of the earlicr rate-
tenperature curves. The maxinum was ~lso shifted to a higher
temperature than predicted by the earlier non steady-state
curves., The filement did not appear to be permanently ‘
activated by reaction until after a considerable burn off,
42.8.7. This last conclusion was verified by the results
given in section 4.6, where repeated reaction betweecn 950°C
and 1270°¢ gave constant rates for each temperature. These
results also showed a tendency for the time required to reach
a steady rate to increase with increasing burn off of the
filament.

4.8.8. Hysteresis in N,0. The hysteresis in N,0 was nuch

smaller than found for oxygen but that which existed was in
the low scnse which is opposite to the oxygen results but
consistent with earlier workers results.

The filament did not appear to become very activated
by prolonged reaction in N20 as has been reported. . There was
a suggestion in the results that reaction in O2 tended to
deactivate the filament for subsequent reaction in NZO‘

4.8.9. Reaction in N,0 appeared to have a negligible
effect on subsequent rcaction in 02.

1.,8.,10. The filaments went black at high reaction rétes
in the intermedizte temperature range for O2 and returned to

a silvery colour by reaction below 97000; or reaction, or
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heating in vacuun at 2000°¢. The burn off recquired to turn
a silvery filanent black, and vice versa, was about 4 x10~°
gr atoms of carbon per cm2; about half the burn off turning
the filament bronze.

N,0 reacted filaments did not burn black, but
remained black if initially black,

A filament reacted at 2000°C appeared only slightly
different under the nicroscope to one reacted at 120000, the
former being somewhat smoother. A filament prepared from
CCl4 had nore proninent cones on the surface than 0014
prepared filaments,

Several impurities were analysed in the bulk of the

filanents, the main one being Fe which was at 20-30 ppm.
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Tablc 4.3, Results of rate-temperature curves in oxygen.,
Pressure 50u 50m 50 50m 50 5Qu 150m 5n 501
Runs Nos. 592~ 603~ 557- 568~ 8535%-1077 40~ 856~ 1049-

602 615 567 579 862 1098 61 903 1071
GI‘aph NO. ‘Arol 4-.1 -A.4-.1 .[5.94.1 4'.2 4‘07 4‘04‘ "r05 4‘08
Filament 27 27 25 26 A3 514 4 43 48
Max. rete in ; '
up ourve 2.7 3.2 3.4 3.2 (3.8) 4.0 16 0,24 5.1
1°C of above 1300 1360 1340 1000 - 1210 1400 1250 1300
r o - ’ i :
fax. rafe In 17 3.9 6.2 5.2 (5.7) 9.6 36 0.32 5.5
1°C of above 1240 1270 1180 1230 - 1140 1260 1100 1350
17°C of
hysteresis 1390 1425 1410 1620 1530 1470 Ngpne 1210 1800
curve
Rate at cross
over 206 302 303 201 3‘4‘ 2-8 - 002‘44' 305
1 1 2 3 4

A1l rates x 1070 gr atons carbon cm 2 sec

-1
Up means incrceasing temperature.

1. Sanme filament

2. Reaction only from 1400°C to 2000°C.

3. Low burn off rumss

4. CCl4 prepared filament.

Steady rate value curve, Graph 41.16, maxinun at 1350°C for a rate

of 5.3 x107° gr atons en”? secI,
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5. EXPERIMENT..L RESULTS FOR TREATED FILAMENTS.

5.1. Tin, Zinc and Platinum (Blank runs).

In all cases the particular substances were
egvaporated onto freshly coated pyrolytic filaments. In the
case of the tin, platinum and earlier zinc runs up to Run 331
the CO was analysed by combustion on a platinum filament.
Although this method was subsequently found to be less accurate
than the use of Hopcalite, for the particular runs tabulated
check analysis before and after the series were satisfactory
and oxygen balances were fairly close to 100%.

5.1.1. Pieces of tin were supported in a platinum coil
and when the latter was heated the tin melted into globules.
A carbon filament was treatedby heating the tin in vacuum

at 1100°C for 5 minutes, twisting the carbon filament
assembly every minute to present a different part of the
filament to the evaporating source. During this treatment
the pressure in the reactor rose by less than %p. Runs were
then carried out at 1800°C and these are shown in Table 5.1,
The rates realised did not differ greatly from those obtained
on untreated filaments where R = 2.88, Table A.5.1.

Since at this high temperature it scemed very likely
that the tin would have evaporated off, the carbon filament
was recoated and the reaction carried out at 120000, Runs

239-242, Again the rates were not significantly different
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from those obtained on untreated filaments. At 1800°C the
C0,/C0 ratio was found to be higher than at 1200°C again
consistent with the untreated results. Examination of the
filament after reaction showed deep pitting at the two ends
near where the filament was held in the supports while the

rest of the filament was covered by a copper-~coloured layer.

5.1.2 For runs 33%2-33%8 the zinc was cevaporated from a

Pt filament at 800°C in 50m of oxygen. During this
evaporation a considerable greyish blue deposit was formed
on the reactor walls. Subsequent reaction at 1200°C showed
a tendency for the rate to be slightly lower, Table 5.2,
but the lowering cannot be considered outside the experimental
error. During an ecarlier series of runs the zinc was
evaporated from a tungsten filament at 800°G in 50n of
oxygen and although it was subsequently found that tungsten
catalysed the reaction, the rates were again marginally
lower. In this case it would appear that the tem@erature
of the tungsten filament was too low for tungsten oxides to
evaporate off and catalyse the reaction.

The filament, after reaction, showed thec same sort
of coloration noticed for tin treated filaments, typical of

very thin layer of metal.

5.1.3, In order to eliminate the pogsibility that the

platinunm wire used to support the additives was affecting the
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results a number of blank runs were carried out. A platinum
wire was heated in 59p of oxygen at 1050°¢ for 30 secs.
followed by 30 secs. at 1200°¢. During this treatment the
pressure change was undetectable on the Pirani Gauge. Runs
329-331, Table 5.3 were then carried out at 1200°C and they
showed a slight increase in rate, but again this cannot be

considered significant.

5.1.4 It is quite probable that these substances had no

effect on the rate because they could not exist on the
filament under the reaction conditions. Spectrographic
analysis of the filements, Table 5.4, showed that none of the
particular substances were detected on the used filaments.
Tin and zinc would evaporate almost completely at 1200°C while
any oxides could also have been reduced or evaporated off.
Microphotographs of the same filaments showed a
bronze type coloration which only covered patches of the
surface, such a patch can be seen in Photo.7, for zinc, which
also shows a clear line between the bronze and darker regions.
The bronze patches appcar lighter on the photographs because
they reflected more of the particular incident illunination
used. A further example of the speckled surface is shown in
Photo 8, almost exactly similar photographs being obtained
for the other filaments.

The spectrographic analysis discounts the
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possibility of these bronze patches being the additive but
they could be associated with where the additive has been or
has not been. Bronze colouring of the filaments was
observed on untreated filaments for the stage between an
initially silvery filament and a matt black filament

[See section 4.6.1].

Table 5.1 Runs to examine affect of Tin on reaction rate

Pilament No.6.

Run 7°C Secs. TInitial  Pressure COZ/CO Rg  Oxygen

No. react. ©pressure Cco o x10 balance
pr g ratio

235 1800 15 49.6 1.3 0.22 3,22 102

236 30 50.5 9.3 0.18 3.33 100

237 30 51.© 8.9 0.19 3.23 101

238 30 50.7 8.1 0.18 2.91 101

Pilament recoated with tin.

239 1200 30 52.1 15.0 0.08 4.93 104
240 30 53,2 16.0 0.08 5.24 102
241 30 53 .4 12.0 0.10 4.01 101

242 30 51.5 11.5 0.07 3.74 101



Table 5,2.

Zinc treated filament.

Pilament reacted at 1200°¢.

Run Nop. Initial
presasure
u
332 50.6
333 . 50.7
354 47 .4

Filanent retreated

335 46,6

336 47,0

Pilament retreated
337 16 .4

338 48,8

Table 5.3.

Pt trcated filament No.l1bh.

Run Secs. Initial
No. react. pressure
u

7

Untreated filament.

326 30 47 .4
327 30 57 .4
328 30 18.8

Treated with Pt

329 15 48,7
330 15 49.1
331 15 52.7

CO pressure

»

8.1
8.1
8.4

9.8
11.0

Pressure
Co »

9.8
18.0
15.4

l_\

O W W
. . .
Ut WO O
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Filament No.l1l5.

coz/co
ratio

0.44
0.02
0.0"i

0.13
0.19

0.07

C0,/C0
ratio

0.11

0,02

0.03

0.15

R
%108

3.56
2455
2,77

A1l reaction at 1200°C.

Oxygen
balance

100
106
104

105
102
106

Oxygen
balance

98
95
99

99
100

99
96

R x10°

> Ul
L] L3
|
-1 N

*
|
o

5.66
6.02
7.36



Table 5.4.

Platinum oxides

Data from Ref. O4

123.

Pilament No. Run Nos. Treatment Analysis
6 235-242 Tin from Pt Sn N,D. 50ppn DL
filament Pt §.D. 100ppm DL
11 284-297% ’L Zine from W 1 2zn §.D.
¢ pasket Pt N.D.
12 294-297 W N.D.
' Found 0.06% Fe,
15 329-358 Pt as oxides ﬁndazgaggs of
from filament g & *
Substance M.Pt. B.Pt.
Tin 232°¢ Vaporises largely at
1200°¢,
Tin dioxide Sublimes above Reduced by carbon to tin
1800°¢C,
Zinc 419°¢ 906°¢C.
Zinc oxide Sublimes at Reduced by carbon
1800°¢,
Platinun 177400

None stable in oxygen under 1 atm. above

500°¢.
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5.2, Boron treated filaments.

Considerable work was carried out with various boron
treated filaments since there have been reports of boron
behaving as an inhibitor of the oxidation reaction below
1000°C. Unlike the substances discussed in Section 5.1, boron
and its oxide would be expected to remain on the filament
under the reaction conditions. Because of the high nelting
point and low volatility of boron and its trioxide the
substances were painted onto the filaments in suspensions.

attempts were made to evaporate boron trioxide from
a Pt filament but no effect was shown on the oxidation at
1200°¢. (Table .4.5.2).  Although more volatile boron
compounds could easily be evaporated onto the filaments these
were not used because 1t was thought unlikely that these

substances would remain once the filament was heated.

5.2.1. Crystalline boron was first used, it beling ground

up in a pestle and mortar and an acetone suspension of the
resulting powder painted onto the filament No.20. The
filament was covered by a light grey colour after the acetone
had evaporated off. Subsequent reaction at 120000, Runs 469-
480, Table i.5.3, showed an initial uptake of oxygen with a
slightly lower rete followed by rates of about 5 %1078 gr atoms
/cm2 sec. Heating the filament at 2000°C in vacuunm for 5

minutes caused no difference in the rate at 1200°C (Runs 481-
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485), but after the heating at 2000°C the filament had lost
its grey colour and several grey whiskers appeared as if a
stain had peeled off. A new filament, No.21, treated in the
same way but with more boron showed the same initial uptake

of oxygen and as before an initially lower rate then untreated
filaments (Runs 486-500, Table A.5.4). These runs were
followed by two runs with a cold trap in place on the reactor
but this ceused no significant difference in rate.

The grcy colouration of the filament and the whiskers
forned after heating at 2000°C were almost certainly due to the
composite from the pestle and mortar, The initial uptake of
oxygen could have been associated with this composite or
could have been oxidation of the crystalline boron, The
initial low rate in Runs 486-500 could also have been due to
a shielding effect by the composite. These conclusions were
confirmed by treating a filament with crystalline boron
smashed to & powder between brass shims and painting a
gsuspension of the powder onto the filament. Reaction at
1200°C followed by heating at 2000°C for 15 minutes in vacuun
and then further reaction at 1200°C showed no significant
differences over untreated filaments except for an increase
in the coz/co ratio for the first set of runs, (Nos. 503-510,
Table 4.5.5). The oxygen balance tended to be low but this
was not nearly as marked as during the composite runs,

The results of Runs 481-502 can therefore be
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considered as being due to the composite and that crystalline.

boron in itself heg no effect on the reaction.

5e2a.24 Amorphous boron which is nuch more reactive and

o ——

was 1n a much finer powder than crystalline boron was used
for another set of runs.

A freshly coated filament, No.28, was painted with
a suspension of amorphous boron in acetone and then heated in
vacuun at 1ZOOOC,With only a slight rise in pressure resulting.
The ends of the filament which had not been painted with the
suspension were about 100°C higher in temperature. Heating
the filament in oxygen to be adsorbed by the filament almost
certainly due to the formation of basic oxide which is known
to be formed from amorphous boron below 1000°C. Following
heating at 2000°¢C in 1501 of oxygen until the pressure no
longer fell runs were carried out at 1250°C and then complete
rate—-temperature curves ovef the range 1000-2000°C were
determined. These results are given in Teble A.5.6 and shown
on Graph A.5.1. The results show that after the slightly
high oxygen balances at 1250°C, probably due to a certain
decomposition of the basic oxide from going to a lower
pressure and temperature, the rates and COZ/CO ratios are very
close to those obtained on untreated filaments., The only
difference is that the hysteresis changes senge at a lower
temperaturé 1200°¢C as against about 1450°C for the untrecated

case. In this case analysis of the filament after reaction,
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Table 5.8, showed only 0,006% boron left on the surface,
suggesting the treatment at ZOOOOCJinitially;had caused
volatilisation to take place.

another filament, No.30A, treated with amorphous
boron suspension was heated at 2000°C for 30 minutes in vacuum
with the resulting possibility of boron carbide formation,
Rate~tenperature curves were then determined and the results
are given in Table A.5.7 and on Graph 5.2. This treatment
did not alter the rate or C0,/CO ratio but again differences
in the oxygen balance were observed. In the first series of
runs, Nos. 644-651, the oxygen balance decreased with
increasing temperature going to as low as 41% gt 2030°¢.
After 30 seconds hcating at 2030°¢ in oxygen the oxygen
balances recovered and were close to 100% for the remaining
runs with a2 slight increase Wifh decreasing tenperature.
These oxygen balances can be explained by the amorphous boron
being oxidised, the rate of oxidation increasing with
increasing temperature and after the recactions at 2030°C most
of the boron having been oxidised and removed.

In order %o sec if boron in the bulk of the carbon
rather than on the surface affected the rate a new filament,
No.29, was painted with a suspension of amorphous boron and
then coated with pyrolytic carbon for 10 minutes. At the
temperature usecd, ZOOOOC, the boron would be expected to have

diffused through the carbon to a certain extent. The



ORAPH 5.2  Rate-temperature curves for amorphous boron treated
filament heated at 2000°C prior to runs.
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pyrolytic carbon was far less evenly deposited than for normal
untreated filaments this being thought due to the actual boron
particles giving a less even surface for the carbon to deposit
itself on. (See also Section 5.8.). Rate-temperature curves
then determined are shown in Graph 5.% and it can be seen that
the rates are very close to untreated filement rates. It is
particularly interesting that during these runs the hysteresis
did not change secnse. The fact that the filament was only
taken up to 1800°C is indicative that it is only when the
filament is heated above 1800°C does it change so as to cause

a decrease in the rate of reaction at lower temperatures,

5.2.3. A thick suspension of boric acid was painted onto

a freshly coated filement, No.23. The filament was then
heated in vacuun at 1200°C with a resulting evolution of gas
associated with white deposits being formed on the reactor
walls. This was almost certainly due to decomposition of the
acid into watcer and boric oxide. The heating was continued
until no further pressure rise was detectable, after which

the filament was covered with several globules of glass like
substance, probably B,0z. The rate at 1200°¢, Runs 512-519,
was found to be unaffected by this treatment and runs at
various prcssures showed the reaction to be very close to first
order; the filament also showing pressure hysteresis effects.

(Table 5.5). Runs at higher temperatures showed no tendency



GRAPH 53 Filament treated with amorphous boron and then coated

with pyrolytic carbon.
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Table 5.5.

Filament 23,

132,

Filament painted with a suspension of boric acid in acetone,

and then heated at 1200°C for a total of 2 minutes in 50n

of oxygen,

Reaction at 1200°C for 30 seconds.

Run
No.
512
5173
514

Initial
pressure
,/A
48,1
48 .4
49.4

Pressure

CcO )u
9.3
10.3
10.8

COZ/CO ratio  Oxygen

balance
0.19 104
0.23 99
0.22 98

Order runs at 1200°C for %30 seconds.

515
516
517
518
519

12,4
31.0
59.9
93.5
135.0

Runs at SO)u.

520
521
522

48.8
50.1
50.2

2.7

7.0
13.9
22.5
30.25

13.7
11.9
12.2

0.33 104
0.16 98
0.16 95
0.12 98
0.14 100
0.49 108
0.25 99
0.25 99

Filament hecated at 1200°¢ for 1 minute in vacuun.

523

4’9.0

11.4

0.16 98

x10

Ae2
349
4‘.0

kX min~

&~ > o
L] -
=1 U

’/1'00

Rg

0.40
0.37
0.37
0.36
0.34

1
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for the globules to wet the surface; the rate-temperature
curves being similar to those obtainéd. on untreated filaments
in shppe but with slightly increased rates which may have been
due to water still being present in the reactor (Graph A.5.2).
In order to see if these higher rates were peculiar to the
particular filament used, another filament, after reaction in
oxygen, was painted with boric acid suspended in water and
degassed at 850°C¢ for 45 minutes. The resulting rate-
temperature curves shown on Graph 5.4 show nearly a twofold
increase in the rate for the down curve around the maximum;
the oxygen balances and C0,/CO ratio being normal (Table
A.5.10). The increase in rates are therefore a characteristic

of the treatment.

5e2 % Since the product of the decomposition of boric

acid is boric oxide a series of runs were carried out to see
if this affected the rate in the same way as boric acid.
Filament 24 was painted with a suspension of boric oxide
powder in acetone. after heating for a total of 90 seconds
at 120000 globules of oxide collected at various points on
the filament as for the acid treated filaments. Initial
runs at 120000, Table 5.6, showed a lower rate than for
untreated filaments but after 30 mins. heating at 1200°¢ in
vacuum the rate increased to that obtained on untreated

filaments. Reaction following heating at 2000°C in vacuun
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Table 5.6. Filament 24,

Filament painted with boric oxide in acetone and heated for
90 seconds at 1200°¢ in vacuum.

Run  Initial  CO formed C€0,/CO ratio Oxygen R x10°

No pressure » balance

539 48.7 7.1 0.20 99 25.9
540 19.7 4,6 0.64 98 29.5
541 19.6 7.5 0.35 99 30,7
Filament heated for 30 ninutes at 1200°C in vacuum

542 50,7 12.6 C.0C9 97 41.7
543 50,3 12.8 0.12 98 43,8

Pilament heated for 15 ninutes at 2000°¢ in vacuum

544 50.8 16.2 0.01 97 50.2
545 52.2 16,6 0.02 99 51,4
546 49.6 14.1 0.07 99 15.9

All reaction at,lZOOOC for 30 seconds.

Table 5.7. finalysis of Boron tregted filaments.
Filament Run No. Treatment Boron
20 465-485 Crystalline boron 0.05%
21 486-502 Crystalline boron 0.001%
22 503-510 Crystalline boron 0.5%
23 511-53%1 Boric acid 50 ppm
24 5%2-556 Boric oxide 50 ppn
26 570-580 Boric acid 50 ppm
28 616~633 Amorphous boron
suspension in water 0.006%
304 644-663 Amorphous boron in _
acetone 0.0049%

For 30A strong traces of Si and Mg were detected, together
with traces of Fe, Mn and other impurities.
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caused a slight initial increase in rate while rate-
tenperature curves over the range 1000°~2000°¢ also showed
a slight increase in rates, particularly on the up curve at
high temperatures. Graph 5.5.

It would appear that the greatly increased rate at
the nmaximum for the boric acid treated filament is not due
to the boric oxide; leaving the possibility that residual

water is responsible.

56245 Spectrographic analysis of the ecarlier filaments

showed varying amounts of boron left on the filaments after
reaction. The amnounts found for the crystalline boron
filaments were far higher but need not have been associated
with good coverage since the particles in this case were
fairly large.

Microphotographs of the filaments showed that for
the crystalline boron treated filaments the surface was
pitted, Photo 9, while for the boric oxide and anorphous
treated filaments the surface was gquite smooth and normal,
Photo 10 showing a typical part of the surface. Pilament 26
treated with boric acid had a streaky surface with globules,
of presumably oxide, visible on the surface, Photo 11. The
filament treated with amorphous boron and then coated with
pyrolytic carbon was far less well deposited and large
clusters of cones coming out of the surface can be seen in

Photo 12,
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5.2.00 Thermodynamic calculations, Appendix 3, show that

while boric oxide will not decompose into free boron by

itself, it can be reduced by cerbon above 1200°K to give the

carbide and CO, while above about 1500°K 002 can be produced.

It is not thermodynamically feasible for reduction to occur

by CO, but the free metal can also be produced by reduction

by C. In this latter case it would be expected that any

free metal was converted to the carbide at high témperatures.
The thermodynamics therefore favour carbide formation

at high temﬁeratures and oxide formation at low temperatures.

Qur results are explainable on this basis although some oxide

is still present at the highest temperatures used.

5.3. Silicon treated filaments.

A pyrolytic filament, No.37, was painted with a
suspension of pure silicon powder in acetone. Reaction then
carried out at 1060°C showed an initial rate lower than for
untreated filaments, the rate increasing with burn off +to
reach a value equal to that for untreated filaments. Reaction
at 1600°¢ showed a net uptake of oxygen probably due to the
formetion of silica with a rate initially about 3 times higher
than the untreated filament case. This was followed by
reaction at 1720°C and the rate-temnperature curves were
determined over the range 950—200000, these results showing
no abnormal behaviour. The results for silicon are given in

Table 4.5.12 and on Graph A.5.3.
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The initially low rates observed at 1060°C and for
certain boron treated {ilaments cannot be considered as
significant, They are quite possibly due to using a
previously untreated filaﬁent whose lagt treatment was at
2OOOOC, a temperature from which the filament would be
initially legss reactive for gubsequent reaction at lower
temperatures,( Section 4.)

The results of painting a filament with a silica
suspension in water followed by reaction at various
temperatures after heating at 2000°C are given in Table 5.8.
Also given are the results of rums carried out on a sodium
gilicate treated filament.

None of these results are significantly different
from those obtained on untreated filaments. The initial
high oxygen balance in Run 791 was probably duc to reduction
of the silica, Table L.3.3. While first degassing the sodium
silicate treated filament a considerable amount of gas was
evolved, the gel going translucent after treatnment. This
again would be decomposition with water evolved, and the
sodium would not be expected to have remained on the
filament.

Microphotographs showed that the silicon appeared
to have meited on the surfece as shown in Photo 13. The
surface was otherwise similar to untreatecd filaments. Bronze

patches were algo noticeable on the silica treated filaments
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Table 5.8, Filanent 38 painted with a suspension of silica
in water end then heated at 2000°C for 5 mins.
in vacuu.

Run T° Sees. Initial  Pressure C0,/CO Oxygen R x10°

No. react, preisure CO m ratio  Palance

791 1200 30 5C.3 10.1 0.09 110 3.35

792 1200 30 5044 15.2 0.04 97 1.80

793 1700 30 50.8 6.4 0.07 98 2,13

794 1700 30 19.4 5.8 0.10 97 1.95

Filament painted with silicon suspension and heated for

1 min, at 2000°C in vacuunm

789
790

15.6
18,5

1370 30
1370 30

0.02
0.05

51.5
50.2

97 1.83

Filanment painted with sodium silicate gel and then heated
for 1 min. at 1500°C for 3 mins., 1800°C for 1 nin. and

2000°¢ for 5 mins in vacuun.

795 1250 30 19.7 10.4 0.17 98 371
796 1250 30 . 50.4 11.0 0.09 98 4,62
Analysis of Silicon Filaments.
Filamnent No. Run No, Treatment Analysis
36 770-778 Si powder in 0.2 ¢ 81
water
37 789-790 Si powder in 0.2% Si
water Also traces
38 791-794 Silica suspension _ giﬂBﬁ Fe
in water 0.2% Si © Mg
410 795-796 © Sodium silicate

solution

0.2% Si
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while on the sodium silicate filament deep pitting was
noticeable as can be seen at the bottom of Photo 14.

Analysis of these filaments showed a considerable
amount of silicon remnained on the surface as suggested by
the photographs (Table 5.8). Thernodynamnic considerations
show that it 1s feasible for carbide formation as low as
1200°K, Appendix 3.

In the case of the silicon treated filament at
2000°C it is thought to form the carbide. A part of this
is however oxidised at 1600°C removing sone of the carbon.
This account both for the high rate and net uptake of oxygen
found. After this is 2 more or less stable state is assumed
to exist between the carbide &t the carbon-silicon
interface, and the silica further out from the surface.
Similarly silica is reduced initially, but the increased
oxygen balances are not thought sufficient to account for

complete reduction,
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5.4, Iron treated filaments.

For these runs the iron was evaporated onto the
filament by heating a 35 S.W.G. iron wire in the reactor.

For the first series of runs, Nos. 413-430, filament No.l7
was treated by this nethod, the iron wire being at 1300°¢

for 2 mins. in vacuum after which considerable black deposits
were present on the reactor walls, Runs carried out at
1200°C shown in Table 5.9 show a rate of sbout 2.8 x107 '

gr atoms/cm2 sec which is 8 to 10 times higher than for
untreated filanents. The rate showed no tendency to fall
off with increasing burn off. The oxygen balance was
slightly low, 93-97%, while the 002/00 ratio was considerably
higher and fell with increasing burn off.

The same filament was then heated 2t 1800°C in
vacuun for 15 nmins. Subsequent reaction at 120000, Table
5.10, showed that the rate had decreased considerably, 1o
about 7 X10—8 gr atoms/cm2 sec, while it appeared to increase
with increasing burn off, and again the COZ/CO ratio was high.
When the iron filament was inadvertentily heated at 1300°¢ for
5 seconds the rate was increased.

The heating at 1800°C is thought to have caused
the decrease by re—evaporating the iron off the carbon surface.

Order runs were carried out at various pressurcs,

Table 5.11, showed a first order reaction over the pressure
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Table 5.9, Tron treated Pilament 17.

Reaction at 120000.

Run  Secs. Tnitial Pressure €0,/C0  Oxygen R x10°
No. react. pregsure co /u ratio balance

M
Untreated filament.
413 30 50.4 9.9 0.01 99 3.33
A14 60 49.0 17.8 0.02 98 2.6
A15 30 49.5 10.1 0.05 99 3.2

Treated filament.

417 10 4847 14.5 0.46 - 96 19.3
418 10 18,0 16.1 .37 94 20.1
419 5 50.2 11.8 0.32 97 28,5
420 5 A'Te3 10.9 0.29 96 25.7
421 5 18.8 12.3 .29 96 28,9
422 5 18.8 12.7 0.28 96 29.6
423 5 18.0 13.1 0.12 93 26.9
124 5 48,7 12.3 0.25 96 28,1
425 No enelysis., Pilament burnt 3 times in 59p oxXygen
for 5 seconds.

426 5 49.3 1%.3 0,22 97 29.6
427 As 425.

128 5 18.9 12.6 0.17 100 27.0
429 As 425
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Table 5,10, Iron treated. Filanment heated at 1800°¢
in vacuun for 15 nins,.

Filament 17.

Run  Initial  Prossure  00,/C0  Oxygen R x 10°

No. pri;sure Cco P ratio balance

431 49.0 2.2 0.50 97 5.87
132 50.7 5.7 0.26 97 6.60
433 49,0 7.8 0.06 98 7.60
434 Fe filament on for 5 seconds.

435 50.8 10.3 0.10 96 10.3
436 50.6 9.4 0.10 93 9.40

A1l rcaction at 120000 for 5 seconds.



Table 5,11 Iron treated. Order runs at 1200°C.

Reaction for 5 seconds.

Filament No.17.

Run  Initial  Pressure 002/00

No, pressure CO n

P ratio
437 51.2 16.5 0.10
4138 50.0 10.2 0.05
439 50.8 10.1 0.05
140 13.9 2.2 0
441 30,2 4445 0
442 59.9 9.4 0.11
113 98.7 15.75 0.08
o 118.0 20.0 0.04
445 155.0 22.25 0.02
446 215.7 25,5 0.14
447 162.2 19.75 0.09
448 115.2 15.5 0.01
449 62.8 8.7 0.10
150 28.25 4.2 0
451 52,2 6.5 0.06

Pilament retrcated with iron

452 50.1 12.5 0.13

Oxygen
balonce

100
103
102

113
101
98
98
97
101
99
100
92
105
112
113

97
105

R x 108

16.5
9.74
9.67
4.03
8.14

19.0

31.2

38.0

A1.5

51.4

39.3

28.5

17.5
1.7

12.6

25.7
23 .5

148.

k min~ 1

2.4
1.7
1.7

1.0
1.1
1.4
1.4
1.3
1.1
1.1
1.1
1.0
0.84
1.1
1.1
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range 14—216‘p. These were carried out on the sane
filament used previously‘after further treatment by heating
the iron filament at 1300°C for 24 minutes in vacuum. In
contrast with the earlier runs the CO,/CO ratio is low and
the rates also tend to be lower. This cannot be due to
depletion during the runs since earlier runs at 1200°C have
shown that this does not occur. But by retreating the
filament with iron in the same way as previously and carrying
out further reaction at 1200°C, Runs 452-453, it can be seen
that the rate had increased. It appears that the rate is
therefore dependent on the exact iron treatment, that is it
is dependent on the amcunt of iron on the surface.

In order to see if iron oxidescalso affect the
rate in the same way a freshly coated filament, No.18,
previously reacted in oxygen et 1200°¢ for a total of 2 mins
in 50p of oxygen, was treated by heating the iron wire in
oxygen as described below:-

1. Te wire at 1000°C for 45 seconds in 50u of oxygen.
Pressure fell to 45pn and then remained constant.

2. Fe wire at 1000°C in 300n of oxygen. Pressure
fell to 125n after 45 seconds where it remained on further

heating.
%3, PFurther heating in 300m, but with no drop in

pressure until the Fe temperature was raised to 1150°C.
After burning the filament twice for 5 seconds in

50m of oxygen, Runs 454-456, Table 5.12, were carried out,



Table 5,12.
Run Secs.,
No. recact.

Filament No.18.

411 reaction at 1200°C.

Iron filement heated in oxygen.

454
455
156

5
5
5

Initial  CO pressure coz/co

rressure u .

E s ratio
Pa
50.3 9.8 0.11
50.0 6.2 0.19
49.8 5.0 0.12

Iron treated.

150.

Filament treated with iron, then coated with pyrolytic carbon

Filanent Ng.18

A5T
458
459

5
15
15

51.0
50.8
49.8

3.7
8:3
8.9

0
0
0.02

Oxygen R x108
balance
98 19.8
100 13.5
102 10.°2
99 6.74
97 5.1
98 5.5

Filament treated with iron while coating with pyrolytic carbon
Filament 19.

461 15
162 15
163 15
Y 15
Table 5.,1%.
Filamnent No.

17

18

19

49.2 )
53%.2 9.4
53.2 12.5
5’4‘.8 11.6
Run Ngs. Treatnent
413-45% Fe wire heated
vacuun
457-459 TFe treated then
coated with
carbon
460-164 TFe evaporated

while coating
with carbon.

0.08
0

0.04

in

N

99 4.9
100 5.7
98 7.6
99 Te3

Analysis.

Iron shows up on
electron X ray
nicroscope on
surface but not in
craters.

0.01% Iron not
or less Fe detected
on
filament
surfece
by X ray
electron
micresc-
ope

Tow% Fe
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the results showing that the oxides had increased the rate
to between 1 and 2 X10—7 gr atoms/cm2 sec and that the rate
fell with increasing burn off. Again the C0,/CO ratio
tended to be high, but the oxygen balance was normal, It
would appear from thermodynamics that the oxide would be
reduced, . Lppendix 3.4. I+t is therefore surprising
that the oxygen balances were normal which suggests that the
quantity of iron on the surface is very small. This was
borne out by the X ray probe study of the surface which
found iron tb be undetectable.

Filament Np.18 was coated with iron evaporated in
vacuun at 1200°C for 2 minutes and iron evaporated in oxygen.
This filament was then coatea with pyrolytic carbon. The
resulting retes at 1200°C, Runs 457-459, show no differences
from untreated filaments. For another filament, No.19, the
pyrolytic carbon was deposited under the normal conditions
while the iron filament was at 1200°C. Following an initial
burning off for 15 scconds the results of runs at 1200°¢ are
also shown in Table 5.12. The rates are only marginally
higher than those obtained on untreated filaments, the C0,/CO
ratio and oxygen balance being normal. These treatments at
high temperatures undoubtedly caused nost of the iron to
volatilise off the filament.

For all the filaments spectrographic analysis,
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Teble 5,13, showed iron to be present in small quantities

on the filament afiter reaction. An X ray probe microscope was
used to examine the surface and showed Fe tended to be
scattered on the surface around the craters but not in the
craters, Photos. 17-19. The other two filaments on which
iron was put in the bulk of the filament, Nos. 18 and 19,
showed no detectable iron on the surface without craters.
Neither of these filaments showed catalytic reactions and

it would appear that only a small quantity of iron had
remained on the surface following the heating at ZOOOOC, less
than 0.1% from the analysis. Tt can be assumed that the
quantity left after heating at 1800°C in vacuum, Runs 431-433,
was of the same order and this had only a slight catalytic
effect. It cannot therefore be said that the small quantity
of iron distributed in the bulk of the pyrolytic carbon for
filaments 18 and 19 had no effect because it was not on the
surface. It is also likely that it had negligible effect
because the quantity was too small,

Photographs of the filament surface showed the
surface to be covercd with craters. This was particularly
evident for filament 17, Photolb5, on which a considerable
amount of reaction had occurred. Unlike the boron case
the filanent treated with iron and then coated with pyrolytic
carbon showed no disruption of the pyrolytic layer. This

is probably due to the fact that in the boron case actual
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particles existed on the surface while in the iron case a
very thin layer was deposited. Photo 16 shows the surface
of the filament to be speckled in the same way as the zinc
treated filaments where local blackening of the surface
apprears to have taken place, For the two filaments on which
the iron was deposited and then coated with pyrolytic carbon
no pits were visible although for filament 19 the surface

was fairly rough.

5.5. Tungsten Treated Filaments.

The method of treatment for these runs was to heat
a tungsten wire in the reactor in an atmosphere of oxygen
to deposit the volatile oxides onto the filament. Barly
runs are shown in Table A.5.13 but these runs are less
accurate than later runs since the analysis for CO was by
the platinum filament nethod. These results show a nearly
tenfold increase in rate while the C0,/CO ratio is normal,
but duc to the considerable scatter it is difficult to see
and fall off in rate. Runs 308-319 show a tendency for the
rate to fall off with burn off at 1200°C.

For the first series of rate-tenmperature curves
determined, shown on Graph 5.6, the tungsten wire was twice
neated at 1500°C for 1 minute in 50 of oxygemn. A bluish
tinge deposit was formed on the reactor walls during this

coating, which could be any of the oxides W4011(violet),
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WO3 or W401177. The rates found showed no increase over
untreated filaments except on the cdown curve at high
tenmperatures, The hysteresis is in completely the opposite
direction to the untreated filaments and it crosses over as
for the latter. The rates on the down curve are in fact
lower than for the untreated filaments and these lower rates
may be due to the fact that the filament was brought up to
tenperature in vacuun between runs, which normelly took
about 30 seconds.

These results show a considerable difference from
those obtained by treating the filament between each run by
heating the tungsten wire at 1600°G in 50p of oxygen for 1
minute during which the pressure fell to less than %u.

These results shown on Graph 5.7 have a hysteresis working

in the same direction as untreated filaments but with the
rate increased by a factor of about 10 and the maximun
shifted to & higher temperature of 1400°G. As for untreated
filaments the product was pfedominantly CO0 while the oxygen
balances were close to 100%.

Heating a treated filament in vacuun at 1200°¢
caused negligible evolution of gases and this together with
the 100% oxygen balances shows that the extra rate cannot be
explained by simple decomposition of tungsten oxides.

At the higher temperatures used the tungsten oxides

would evaporate off the filament 78. If tungsten remains
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on the filanent after high temperature treatment it nust

be either as metal or earbidé. In order to see if there was
any depletion or @ffect on rate after heating at high
temperatures a series of runs were carried out at 1200°¢C
with the filament heated at 1800°C between runs, after only
an initial coating with tungsten oxides. The results of
these runs are given in Table A.5.16 ‘and plotted on Graph

5.8 where it can be seen that after an initial high value

the rate decreases for 3 runs until it then increases again '

reaching asymptotically the rate of 4 xlO—7 gr atoms/cm2 sec.

The initially high rates could be due to an initially large

-.quantity of tungsten oxides on the surface; a considerable

amount evaporating off betweerm the first % runs, and the

TR,

remainder existing on the surface as carbide.

Spectrographic analysis of the filaments showed that no .

‘tunésten was detected on the filaments after reaction although

Fe was present in larger gquantities than for untreated
filaments (0.01%)., Also in common with the iron treated
filaments the surfaces were very pitted. It would appear
that there is considerable’depletion of the tungsten from the
surface and it might be assumed that the extra iron, possibly
as'aﬁ‘impurity in the tungsten wiré, caused the increased -
reactivity. However order runs at 120000.,Tab1e 5.14 ( and
A.5.17,) show that the best fit over the pressure range 14 to

207 n is given by a 0.6 order compared with a first order
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Table 5,14. Rate constants for tungsten order runs.

Run No, Initial Pressure k 1st order kX 0.6 order
398 14,45 4.2 min~t 0.24
399 25.8 2.4 0.17
400 65.7 2.2 0.23
401 99.5 2.1 0.26
402 136.,5 1.6 0.22
403 164.5 1.2 0,19
404 207 .25 1.2 0.20
405 120.75 1.1 0.14
4‘06 72-3 1.4 0-15
107 23.65 1.9 0.13

Spectrographic analysis of Tungsten Treated Filanents.

Filarment No. Run Nos. Treatment analysis
14 301-325 W from W filament W N.D. Fe 0.01%

Mg, Si detected.

16 360-412 W N.D. Fe (.01%
Mg, S1 detected.

N.B. The detection limit for W was 500ppm.
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reaction for iron treated filaments, The order runs show
a different mechanism is operative although they may be
confused by the effect of pressure on the tungsten on the
surface. The higher pressure would favour the formation of
elenentary tungsten or possibly carbide. 4 full discussion

of this question is given in Section 7.
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5.6 Molybdenum Treated Filaments.

5.6.1. Mo metal and o0, suspensions.

3

A freshly coated filament was painted with a
suspension of very fine molybdenum powder in acetone and rate-
temperaturc curves were deternined, During certain runs 1t
was found that nearly 75% of the oxygen was reacted in 1
second and in order to measure the tenperature during runs
734-737 it was nccessary to react the filament for 5 seconds
in 50p of oxygen. The results are shown in Table 5.15 and
on Graph 5.9, and it can be seen that there is an almost 100
fold increase in rates at high temperatures. The oxygen
balances are low particularly for the initial run 723 where
it was 63%,and this suggests that nolybdenum oxides are formed
(see Section 7).

Examination of runs 730-732 for reaction at 1520°C
suggests reduction in the O2 pressure, or the large quantity
of GO0 produced, is limiting the rcaction at high temperatures
since almost the same quantity of CO is produced for reaction
times of 5, 2, and 1 second. The main difficulties
experienced for these very fast reactions were:-

1, Timing 1 second exactly.
2, Knowing the true average temperature since for a
considerable percentage of the timed reaction over 1 second

the filament was heating up.
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Table 5,15, Molybdenun treated filament.

Filanment No.3%.

Run 722 Untreated filament.

Run 1°C Secs, Initial Pressure 00,/C0 Oxygen  Rx10°
No. react. pressure Co » ratio balance

pe
722 1300 60 A7.8 1%,4 0,03 100 12.6
72% 950 30 18.8 28.2 0.04 673 8.4
724 1200 5 50,2 11.4 0,02 82 76,7
725 1210 2 48,4 21.5 0,05 97 103
726 1210 49.0 25.8 0 97 118
727 1210 50,0 28 .8 0 97 131
728 1400 5 18.2 66 .4 0 94 121
729 1400 2 49.0 50.4 0 89 230
730 1520 5 48,8 69.2 0,01 100 127
731 1520 @ 2 £8.6 53.8 0,01 86 248
732 1520 1 48,0 52.8 0,01 88 487
734% 1650 1 49,2 18,2 0 36 410
735% 1900 1 50,0 17.8 0 85 A30
T736%¥ 1680 1 48,0 51.0 0.01 90 460
T37*% 1440 1 49,6 36,7 0 92 335
738% 1300 1 47,0 29.8 0 90 272
739 1140 5 AT7.2 49.2 0 80 90
740 970 5 19,2 16.0 0.01 87 29.2

* Tor these runs the filament was first burnt in 50 + 5n
of oxygen for 5 seconds.
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3. The possibility that even for 1 second reaction at
high rates the reaction was effected by reduction in the
oxygen partial pressure.

4 new filament, NoJB& , was also painted with a
molybdenun suspension as before and the following series of
runs, Table 5.16, carried out.

a) Three runs at 1230°C to see if the rate changed with
burn off; Runs 741-T743. From these runs it appeared that
the rate increases with burn off.

b) Heating the filement at 1230°C in vacuun, Runs 744

A and B showed that mainly CO was desorbed from the filament
but the amount desorbed would not alone account for the
increase in rate.

¢) PFurther runs at 1230°C, Runs 745-747, showed that
heating the filanent in vacuum appeared to have increased the
rate slightly and again showed that the rate increased with
increasing burn off. The increase in rate after heating
in vacuun can be considered the same as the increase due to
burn off through runs 741-747 and it is not the fact of
vacuurl that has caused the increase but the oxygen desorbed
with carbon as CO, i.e. reaction. After the heating in
vacuun the oxygen balances were even lower than before.

d) Heating in vacuun at a higher temperature of 1700°¢

did not cause any decrease in rate; the rate being about



Table 5,16,

Molybdenum treated filament.

Pilament No.3%.

Run
No.

741
742
743
TALA
744B
745
746
747
748
749
750

751

168.

T°¢  secs, Initial  Pressure C0,/C0 Oxygen
react. pressure Cco )p ratio balance
»

1230 2 50.8 21.2 0.02 90
1230 2 19.8 26.3 0.01 92
1230 15 0 1%.2incr. - -
1230 60 0 4 ,0incr., =~ -
1230 2 49,6 28 .4 0.02 88
1230 2 47.8 32 0 89
1230 2 49.7 37.2 0 92
1700 1 51.4 17.0 0,01 84
1700 1 49.8 52.8 0 96
Analysis of Molybdenum treated filaments.

Filanent No. Run Nos. Treatment inalysis
33 723=740 Mo powder in acetone 0.67% Mo
34 741-751  MoCpowder in acetone  0.,67% Mo
35 752-769 MoO3 suspension in 0,015 Mo

acetone

Rx10

96
98.7
121

132
144
169

133

184

Also traces S8i,

Fe, and lg.
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4.5.X10~6 gr atoms/cm2 sec, after treatment, where it is
pogsibly diffusion restricted.

Since it was thought possible that some intermediate
oxide of molybdenum acted as an intermediate in the reaction
a second series of reactions were carried out on a nmolybdenum
trioxide treated filament. Since this is a high oxide state
the oxide would reduce the high oxygen balances to the sane
intermediate state postulated and have the same effect as
elenentary molybdenun.

A new filament, No.35, was painted with a suspension
of MoO3 powder in acetone and Runs 754-769, Table 5,17,
carried out. Reaction at 1100°C showed an increasc in rate
of about 10 over the untreated filament which is the sane
order as found for the Mo metal treated filement at 1100°C.
The oxygen balances were very near 100% which shows that very
little of the oxide has decomposed. Reaction at 1700°C
shows no signs of decomposition, the rate falling off with
burn off from 17 to 3.8 X10—7 gr atoms/cm2 3ec. These rates
are between 90 and 15 times greater than for untreated
filaments but lower than those found for molybdenum metal
treated filamente which showed no signsg of fall off in rate
with burn off, Further reaction at 1100°C showed that the
rate had been decreased by reaction at 1700°C but it was still

nearly 10 tines greater than for untreated filaments. After
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Table 5.17. Molybdenum Trioxide.

Filanent No.35.

Run  1°C  Sec. Tnitial Pressure €0,/C0 Oxygen  Rx10%

No.. react, pre;sure Cco P ratio balance

754 1100 15 AT7.0 64,2 0.01 100 39.4
755 1100 5 50,8 27.8 0.02 99 51.7
57 1100 5 51.6 25 .4 0.02 98 1763
758 1100 5 52.0 20,8 0 99 38,0
759 1100 5 48,6 16.6 0.01 99 3045
760 1100 5 516 16,1 0,01 98 29.6
761 1700 15 49,6 5.0 0.06 9¢g 96.4
762 1700 15 19.5 549 0.07 98 38,3
763 1700 15 49,6 4.0 0,12 98 2'7.4
764 1700 30 51.3 Tadk 0,03 98 25.1
765 1100 5 b2.4 10.4 0.07 98 20.3
766 1100 5 50,0 . 12.8 0,01 100 235
767 1100 5 48.4 13.4 0.02 100 250
768 1100 5 5044 13.0 0,01 100 23.9

Filanent heated for 3% nins. in vacuun at 110000

769 1100 5 50.0 9.8 0.02 99 18.3
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heating in vacuun for 3% ninutes at 1100°¢ a further decrease
in rate was evident, Run 769.

After reaction all the filaments were very pitted,
Photo 20, showing the nature of the surface. The second of
the netal treated filaments, No.34, had Whité spots
agssociated with several of the pits, this being further
evidence for supposing the netal had been converted to oxide.

The trioxide treated filament was very sinilar in
appearance and for all the filaments the cones were visible
on the smooth surface between the pits as shown on Photo 21
where a large crater can also be seen in the bottom right
corner, ‘

Analysis of the filaments, Teble 5.16, shows a
considerable quantity of Mo left on the metal treated
filaments as expected from the photogratphs. However the

MoO, trested filament had only 0.01% Mo left. This accounts

3
for the lower rates observed for the MoO3 treated filaments
compared with Mo treated filaments. Since normal oxygen
balances were found it seems that the MOO3 evaporated off +the
surface without decomposing, the remainder being left as metal
or carbide. Thernodynanically while the dioxide can be
reduced by carbon, Table'A.3.6, it is suggested that this

only occurs at the botton of the Mo globules where initimate

contact exists. On the surface far removed from the carbon,

MoO2 can exist below 2000°K.
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526.,2., Molybdenun (vacuun deposited) treated filaments.

1. Considering the large catalytic effect noticed
for molybdenum in the previous runsj further runs Wefe-carried
out using smallcr quantities of molybdenum. | A?convenient
nethod of treatment utilized was by heating Mé wire in oxygen
whereon the volatile oxides would in part deposit on the
filanment,

In all cases the treatment was the same; namely
heating a molybdenun wire at 1800°¢C in 50 of oxygen until
the pressure fell to 51, During this treatment, which took
about 15 seconds, the filament holder was turned through 360O
so as to deposit the molybdenum as far as possible on all
sides of the filement, )

For the initial runs 1499-1504%, Table 5.18, the
filament was treated twice before the first run. The rate
at first showed a sirong catalytic effect but this quickly
fell off with burn off., Reaction at 2000°C, Runs 1505-1509,
showed a lesser catalytic effect, the rate being near nornal
if the filament was not treated before the actual run.
Subsequent reaction at 1510°C, Runs 1510-1511, showed an
initially high rate but this may be due to the normal
hysteresis effect. Treating the filanent before each run,
Runs 1512-1514 again showed the catalytic effect, but the rate
did not appear to inerease due to accumulation of catalyst

on the surface.
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Table 5,18, Mo Vacuun deposited Runs,

Run T°C Secs. Initial Pressure COQ/CO Oxygen Rx10°

No. react. pressure CO P ratio balance
M i -
#1499 1000 15 50.5 37,0 0,04 101 2755
1500 1000 10 51.2 7.6 0.21 102 8.40
1501 1000 15 51.0 12.0 0.17 102 8.52
15C2 1009 15 51.7 8.9 0.1€ 101 6,26
1503 1000 15 50.9 6.0 0.07 99 Z.CS
1504 1000 15 50,0 4,0 0.10 99 2,63
1505 2000 15 49,2 2.5 (.08 99 1,64
1506 2000 30 50.7 3.8 0.53 104 1.76
*1507 2000 15 51,6 5.9 o. $9 2,37
1503 2000 15 LG a4 2.2 0.36 9% 1,82
¥1509 2000 15 16.0 4e2 0,05 100 2.68
1510 1000 15 50,0 10.7 0,04 99 6.75
15141 1000 15 50.5 5.1 0,06 3428
*¥1512 1000 15 51.6 13.4 0,09 92 8.83
#1513 1000 15 18,2 15.2 0.04 98 g.61
#1514 1000 15 45,9 15.8 0.01 100 3,52

trcated
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These result s suggest that while the molybdenun
deposited as oxides have & catalytic effect, most of the oxide
is driven off during the first noments of reaction,. AN
alternative explanation is that while a considerable anount
of the oxide is driven off, the pert remaining is reduced to
netal and/or carbide which is a less active catalyst.

A serieg of rate-~temperature curves were then
deternined on the filament, it being treated befgre egch run;
this being siniler to the tungsten runs, Table A1.5.18, These
runs, 1515-153%4, are plotted on Graph 5,10. A well defined
maxinun is visible in all the curves but the possibility
remains that the naximun may be caused by quicker evaporation
of the nolybdenun as oxides at higher temperatures.

There also appears to be an hysteresis effect
between curves 1 and 2, Curve 3 was determined to see if
the reason that curve 2 gave higher rates was due to generally
increased reactivity of the filament rather than a
fundanental hysteresis effect. The rates obtained for
Curve 3 were higher than for curve 1 but there still remains
a hysteresis effect between curves 2 and 3. Also the fact
that the rates becomne near one another above 1600°¢C rather
discounts the possibility of the filanent increasing
irreversibly in reactivity. |

A series of curves 4 to 6 were glso determined
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without heating the filament between runs to see if any
catalytic activity remained after burn off. For curve 4
there appears to be a certain anount of catalyst still on the
filament, the rate being between 3 and 4 times greater ﬁhan
for untreated filoanments in the middle temperature range. To:
fundanental hysteresis can be seen between curves 4f6, rather
the activity appears to be decreasing with burn off. The
rates obtained for Curve 6 are not very different from those
obtained on untreated filaments. For all these curves the
rate above 1600°C remains fairly constant and about equal to
the untreated filament rates. These last results curves 4-6
strongly suggest that the catalyst is affecting the
fundamental mechanisn causing a true naxinum +to appear rather
then the naximum due to the impurity being driven off, This
is particularly true_of curve 4 where the reaction was first
at higb tenperatures.,

2. In order to remove the possibility of reduction of
the oxides during the course of reaction affecting the
reaction and to elucidate the effect of elementary Mo, a
gsecond series of Tuns were carried out. During these runs
1514-~1534, Table A,5,18, the filanent was treated as before
with Mo oxides. The filament was then heated at 1500°C in
vacuunl to reduce @he oxides. During this heat treatnment
between 1,2 and 1.8n of gas was given off, but this quantity

of gas could be simple desorption.
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The first curve 1 should probably be discounted
because the reaction times used were too long at intermediate
temperatures and depletion of oxygen probably was affecting
the results. Curves 2 and 3 show well defined maxinun and
lie close together, There is no sign of hysteresis and thie
is as would be expected considering the treatment given to
the filanent.

Generally the rate was catalysed by a factor of about
20 and the activity of the Mo when reduced seens to be greater
than shown in the earlier runs on Graph 5.10, The reaction
appeared to occur predominantly over about 13" of filament
where the Mo was deposited; this portion of the filament
being in the most direct line with the source of Mo, A
visible thinning of the filament was noticeable in this region
and the temperature was about 100°C higher then the other
parts of the filanent.

The product was predominantly CO while the oxygen
balances tended to be slightly high. This is thought to be
due to the analysis not being so efficient with the large
quantities of CO in the product, but the amount of CO found by
analysis and predicted from the pressure rise analysis were
in good agreement.

Finally a series of curves were carried out without

further treatment on the filament, Cyrves 4 and 5, Graph 5.11.
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The first of these curves shows that thg rate appears to be
even greater than for the treated cases. This shows that the
Mo rmust still be on the surface and the slightly higher rates
ney be due to the fact that the filament was not heated at
1500°¢,  That is it is & fundamental increase in activity
due to reaction at higher tenmperatures. The final series,
Curve 5, shows low rates, and this thought due to depletion
of the mo fron the surface, as found in the runs shown on
Graph 5,10, Curves 4-6,

Exanmination of the filaments under a microscope
showed a very pitted surface with many smnall craters and no

gigns of metal on the surface.
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5.7« Zirconiun Treated Filaments.

For the first series of runs metallic zirconium
particles were used, These were painted onto the filanent
in acetone and reaction between 950 and 2000°C carried‘out.
These results are shown in Table A.5.10 and on Graph A.5.5
and are not different from untreated filament results.
Examination of the filament after reaction showed a few
gilvery pieces of zirconium lightly attached to the filament,
the surface otherwise appearing unblemished.

In order to try and get a better coating of
zirconium the filament surface, zirconium was painted onto the
filament as before followed by heating of the filament for a
total of 30 minutes at 2000°C in vacuum. During this
heating carbon deposits formed on the reactor walls possibly
due to the advent of a glow discharge and the reactor was
therefore recleaned with chromic acid. The filament was
covered with patches of a light grey substance showing that
the zirconiun had nelted over the surface. A series of runs,
Table 5,19, Curve 1, Fig.5.12, were carried out at increasing
temperature, the patches going white after Run 681 at 1620°C.
The rate was quite normal up to 1620°C but at 1800°C it was
considerably higher than untreated filaments. The oxygen

balance was low but increasing up to 1620°¢ showing a

zirconiunm oxide being formed, The first run at 1800°C
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Mble 5,19, Zirconium

Filament 30B,

Run  T7°C Secs  Initial Pressure 00,/C0 Oxygen Rx10°

No. react. Dpressure CO R ratio balance
P

678 1100 30 48.8 7.4 0.09 88 2.5
679 1300 30 51.0 9.5 0.12 84 3.2
680 1500 30 51.6 9.7 0.10 = 91 3.3
681 1120 30 50.5 8,7 0.10 99 2.9
682 1500 30 49.0 34 .0 0.01 93 . 11.3
683 1800 5 51.2 35.2 0.02 86 21,8
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suggests that the oxide breaks down at this temperature but

the sccond run at 1800°C again shows a net~ﬁptake of oxygen.
Following these runs the filament was heated at

2OQO°C for 15 seconds during which the pressure rose from

499§p of oxygen to 110m, a pressure rise not possible by
oxygen reaction. Further heating of the filament at 2000°¢
for 5 seconds, this time in vacuun, caused 16.%p of gases %o
be released. These runs show how readily at high
tenpergtures the oxide decomposes.

4 new coated filament, Np.31, was painted with Zr
as before and heated at 2000°C for 30 minutes in vacuum.
Reaction was then carried out at increasing temperatures
followed by decreasing temperatures. The results are shown
in Table 5.20 and the rate-temperature curves are plotted on
Graph 5.12, The rate is fairly constant over the
intermediate tenmperature range for the up curves but
otherwise incrcases with temperature, no naxinum as such being
evident. The filament appears to be activated at high
temperatures and this is associated with oxygen balances of
between 90 and 100% at these temperatures. The initial
oxygen balances were very low while some oxide was first
formed.

Filament 32 was treated and heated in vacuun as
before. In order to see if gases were released from the

filament if it was heated in vacuunm, the filament was first
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Table 5,.20. Zirconium Runs.

Filament 31, initially heated at 2000°C in vacuum for 30 nins.

Run ¢ Secs, Initial Pressure 002/00 Oxygen Rx108

No. react. pressure CO n ratio Palance

-
685 1000 30 50.6 0 63 0.91
686 1300 30 53,2 19.4 0.06 47 6.3
687 1300 30 51,5 22,0 0.13 52 7.5
688 1300 30 53,7 18,4 0.30 103 7.3
689 1300 30 49.2 26.6 0.05 96 8.5
690 1300 30 50.4 29.0 0.02 113 9.0
691 1300 30 50,4 28.8 0,02 98 8.9
692 1440 30 52,5 32,9 0.03 100 10.2
693 1580 15 51,2 16.0 0 101 9.7
694 1770 15 52,4 22.0 0 100 1% .4
695 2000 15 51.5 64.6 0 90 3C.3
696 2000 5 52.4 0 -
697 1550 10 50,2 61.4 0 97 56,1
698 1900 5 ATo4 50.4 0 101 92,0
699 1900 2 49.4 35.8 0 98 163
700 1600 5 47.8 35.8 0.02 103 66,8
701 1330 5 50.0 21.4 0.01 103 39,6
702 1270 5 49.6 18.3 0.02 100 34.0
703 1050 5 47.0 12,1 0 106 22.1
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heated in oxygen at 1350°C for 1 minute. During this time
the pressure of oxygen fell from 48.8a to 22.6n. Purther
heating in oxygen caused the pressure to fall from 47.8 to
43.0n during 25 seconds, after which the pressure started to
rise,

The filament was then heated in vacuunm at 180000,
Run 706, for 30 seconds during which the pressure rose to
46.Qu, the products consisting of 92% CO and 1.7% CO,.

Further heating at 1800°C in vacuunm gave the following results

Run No, Secs., Heating Increase-}p Pressure %002 %Co
7074 30 20.8 38 81
7078 30 16.8 No analysis.
707C 60 15.2 Product assumed
707D 60 5.2 to be

predoninantly
Co

These results show that the evolution of CO decreases with
tinme of treatment as all the oxide is becoming deconposed.

A series of runs were then carried out at 1800°C
to see what effeet the heating in vacuum had had on the
reactlon rates, The results, Table 5.21, show that both the
rate and the low oxygen balances increase with time of
reaction. The scatter during runs 713-715 was due to the
short reaction tinme of 2 séconds used.

Heating the same filament in an atmosphere of CO
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Table 5.21. Zirconiunm

Filament Np.32.
Reaction at 1800°C.

Run Secs,  Initial Pressure 00,/00 Oxygen Rx10°

No. react. pregsure Co Pl ratio balance

Pri
708 10 51.2 38.6 0.01 72 35.9
709 10 48,8 46,0 0.05 90 44.3
710 5 18,8 38.9 0.02 g0 T2.5
711 -5 47.8 47.8 0 90 87.7
712 5 51.0 52.0 0 91 95.0
713 2 48,6 17.0 0.01 92 78.5
714 2 49.6 24 .0 0.04 96 113.6
715 2 48,6 21.6 0 95 98,5
Table 5.22. Zirconiunm trcatced filaments

Pilament No.32.

Run T°C Secs, 1Initial Pressure €0,/CO0 Oxygen _Rx107

No. react pregsure CO pt ratio balance

R
After heating in vacuun at 1800°¢
717 1800 2 17.8 25.6 0.03 88 12,0
718 1800 2 50.7 29.8 0.02 92 14.0
719 1800 2 48,0 30.0 0.02 96 14.0
720 1350 5 19.2 12.9 0.04 95 2.45
721 1350 5 51.2 13.2 0.04 97 2.50
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at 1800°C for 10 seconds also caused the pressure to rise,
fron 45.6 to 64.9p with a 96% CO product. A further 3 runs
at 1800°C, 717-719, Table 5.22, showed the same as runs
713-715, namely increasing oxygen balances with increasing
rates with reaction time. Reaction at 135000, Runs 720-721,
showed that the reection at 1800°C had activated the
filament as seen in the earlier rate-temperature curves,

The filaments after reaction were covered with
several large craters in several of which white spots could
be seen as shown in Photo 24, These white spots can be
associated with the dioxide which would not be reduced far
from carbon. The thermodynanics again show that it is
possible for both oxide, metal and carbide to exist
depending on temperature and how intimate the contact is

with the surface.






5.8, Uraniun trioxide treated filaments.

After an initial blank run, 797, a new coated
filanent was painted with a fine suspension of UO3 in
distilled water after which the filament appeared completely
covered by yellow particles, Reaction was then carried out
at 1200°C followed by rcaction at 1670°C and 1020°¢. After
the first run at 120000, Run 798, the filament was no longer
yellow; the full results are given in Table 5.23 and they
show that the UO3 has a strong catalytic effect. After the
initially high oxygen balance of 128% due to thg.decomposition
of the trioxide, possibly to the dioxide, the ox&éen balances
were generally between 94 and 100%, with a large amount of
002 in the product. Within the experimentai error the rates
did not alter with burn off.

Rate~tenperature curves at increasing and decreasing
tenperatures, plotted on Graph 5.13, show a maximun in the
rate between 1500°C and 1600°C, comapred with 1200 and 1300°C
for the untreated filanments, There appears to be slight
hysteresis above 1400°¢ working in the low sense, The full
results are given in Table 5.24 and again show low oxygen
balances and high proportions of 002.

is shown on Graph 5.14, the COZ/CO ratio shows a
strong relationship with the oxygen balance,“the proportion

of CO2 being far lower for low oxygen balances. This



GRAPH 5.13

Rate-temperature curves for Uranium trioxide treated filament
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GRAPH 5.14 Variation of EU}{u ratio with oxygen balance for a

Uranium trioxide treated filament
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Table 5,23,

Uranium trioxide treated filaments.

Pilanent No.41l.

Run 797 untreated filament.

193,

Run T°C Secs. TInitial Pressure 002/00 Oxygen Rx10°
No. react prissure Co p ratio balance

797 1200 30 51,2 16.3 0.03 98 5.11
798 1200 10 50.8 21.C 0.39 128 26.5
799 1200 30

800 1200 5 52.0 8.4 0.50 96 23.0
801 1200 10 51,0 17.6 0.39 98 22,3
802 1200 5 50.8 9.8 0.41 97 25,2
803 1670 10 51.5 70.8 0.10 101 T0.7
804 1670 2 50,2 22.2 0.21 89 122
805 1670 .2 52.0 22.0 0.24 94 125
806 1670 2 50.8 21.6 0.23 95 120.7
807 1670 2 51.8 22.4 0.21 96 124
808 1020 3+2 52.8 5.9 0.64 94 17.7
809 1020 5 53.0 12.1 0.48 98 32.7
810 1020 342 51.7 9.4 040 99 25.9
811 1020 5 54.2 13.5 0.35 o7 33,3
812 1020 5 52.7 9.9 0.32 96 23.9
813 1020 5 52.6 9.2 0.%33 100 22.3



Table 5, 24 .

Run
No.

814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829

nog

1300
1500
1500
1620
1750
2000
1700
1040
1360
1150

980
1180
1460
1600
1730
2100

194,

Urgnium trioxide treated filanment.

Sees. Initial  Pressure COQ/CO Oxygen

react. preﬁsure Cco » ratio balance
s .

5 51.4 17.2 0.45 101
5 52.0 35.7 0.16 97
2 50.2 11.3 0.31 99 -
5 50.6 32 .4 0.15 95
5 52.0 31.6 0.08 88
5 50.3 33.8 0.09 87
5 49,6 16,6 0.10 83
5 50.6 26.5 0.09 91
5 50.7 22.0 0.29 96
5 48,6 11.8 0,14 98
15 51.8 14,6 0.04 80
5 51.2 17.4 0.11 95
5 50.0 34 .6 0.08 95
5 52.2 28.5 0.06 94
5 51.8 224 0,06 Q2
5 50.0 18.0 0.04 85

Rx10

45.7
7543

. 6743

68.0
62.3
67.3
32,9
53.0
52.1
24.5
9.27
35.3
68.5
55.0
43.5
34.5



195.

suggests that the 002 cones off via an uranium conmpound, the
uranium adsorbing oxygen and releasing it as 002, but this
simple mechanism cannot account for the full increase in rate.
The COZ/CO ratio also goes through a maximun with temperature
at 130000, Graph 5.15, the effect decreasing with increasing
burn offs, The oxygen balance decreases with temperature,
but only after 130000, Graph 5.16. These results suggest
that at high temperatures some oxide starts to form on the
surface taking up oxygen which decomposes about 1300°C for our
pressure of SQP.

Heating a freshly coated uranium trioxide treated
filanent in vacuum at 2000°C for 30 seconds caused the
filament again to become black with a pressure rise of 39.0n.
the product consisting of 64% GO and 9.7% CO,.  Further
heating at 2000°C for 30 seconds gave a pressure rise of
only 5.§p.

The filament was then burnt in oxygen for 15 secs.
at 2000°¢C during which the pressure rose fron 50m to 75m.
Subsequent heating in vacuum at 2000°C for 30 éeconds gave a
pressure rise of only 1.9u. This was repeated by burning
in SQp of oxygen followed by heating in vacuum at 1800°C with
a resulting rise of only 1.3p. A repeat of this run gave a
Z.Qu incrcase.

These runs show that any oxide on the carbon surface
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if it exists is not readily decomposed at the reaction
temperatures, thc very small pressure rises measured could
be due to outgassing,

In order to see if uranium in the bulk of the carbon
affected the rate a filament, No.42, was coated with UO3
suspension and heated at 2000°¢ for 2 minutes after which the
yellow colour had disappeared. The filanent was then coated
with pyrolytic carbon and the runs given in Table 5.25 carried
out,

These results show that after the initial rums,
where the rate increases with burn off, a raté of about
the untreated rate is rcached, which is not nearly as large
an increase as found for surface treated filanents., The
reaction at 1620°C shows that the rate increases with
increasing burn off; this could be due to a normal hysteresis
effect, The increcased rates observed could be due to the
fact that the pyrolytic surface was far less well deposited
than for untreated filaments. Photo 23 shows the incrcased
clusters of cones produced, the effect being very sinilar
to that observed with boron.

The surface treated filaments were characterised by
a considerable anount of pitting on the surface as observed

for the other catalysts, Photo 24 shows a particularly

badly pitted part of the surface.
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Table 5,25, Uranium trioxide treated filament.

Filament first reacted with UO3 and then coated with
pyrolytic carbon,

Filamnent No.42.

Run T°C Sees. TInitial Pressure C0,/CO0  Oxygen Rx10°
2

No. react pressure CO p ratio balance
pi

830 1230 15 48,2 4.2 0 9% 2.5
831 1230 30 A7.8 12.6 0.11 94 4.3
832 1230 30 50.4 16.0 0.10 95 5.3
833 1230 30 52.1 18.6 0.11 97 6.3
834 1230 20 51,4 13,6 0.07 96 7.0
835 1620 5 49.3 6.0 0 98 10.9
836 1620 .5 49.2 6.0 0.03 98 11.3
837 1620 5 49.2 6.6 0.12 99 13.5
838 1210 20 18,8 17.2 0.1% 100 8.9
839 1210 10 51,2 11.2 0.10 98 11,3
840 1210 10 50.8 9.6 0.04 97 9.1
841 1210 10 49,2 8.0 0.17 98 8.6






200.

5.9. Uraniun trioxide treated filaments in nitrous oxide.

A series of runs were carried out to see if a
catalyst which affected the rate in oxygen also affected the
NZO reaction and to see if any increase in rate caused the
hysteresis to change in sense,

The catalyst used was uranium trioxide, the same
technique for applying it as was used in the case of the
oxygen runs, nanely a suspension of powder in acetone was
painted onto the filament. Heating the filament at 1900°C
in initial vacuum caused a pressure rise of about QOQF in 1
minute, the yellow colour of the filament again disappearing.
The filament was further degassed for 16 minutes after which
heating it at 1900°C for 1 minute caused a pressure rise of
under 5j.

For these N20 runs, the NZO was frozen out after
reaction and the CO mcasured using Hopcalite and the 002 using
Sofnolite. It was thought necessary tq neasure the 002 in
case catalysis altered the mechanism which night be indicated
by a greater 002 evolution as in the case of oxygen. The N2
was tcken as being equal to the remaining pressure,

The results are given in Table 4,5.20 and are
discussed below.

1. The CO, detected was always: less than 1% of the

product gases unlike the oxygen cese where the %002 was high.
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The N,/CO ratio shows a lot of scatter but is high when the
burn off is low, which suggests a systematic error. This
could be due to outgassing or to dissociation of the nitrous

18 found that dissociation was

oxide. Strickland~Constable
negligible for the untreated reaction in so far as it
liberated free oxygen in the prbéuot gases, But if the
filament and blocks outgassed only 1u of gases during the
course of each run the error in Run 1037 would be only 7% in
the percentage of CO and N2 while in Run 1039 the error would
be 100%, The nitrogen balances as such were normal and
close to 1004, , .

The oxygen balances tend to be less then 1004 as
was found for the oxygen runs; but the effect is less marked.
Adsorption of CO or O, from N,0 would give high N,/CO ratios
and low oxygen balances with normal nitrogen balances.

2., The filament was initially silvery but after Run
1037 black patches appeared which by Run 1042 covered nearly
half of the filament, at which state the filanent then
renained oonstaht for the remaining runs. These patches
suggest localised attack on the surface where the UO3
particles were deposited.

5. A4 plot of the initial rates at 1800°C against burn

off is shown on Graph 5.17. The rates show a definite

decrease with burn off which was not observed in the case of
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6RAPH 5.17. Initial runs at 1800°C for 002 treated

tilament reacted in H20
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oxygen (Runs 787-~806), It is not possible that the high
initial rates at 1800°C were due to further decomposition
of the UO3, or other oxides, because if this was the case
the oxygen balances would be high and also prior to Run 1029
heating the filament in wvacuum caused virtually no degassing.

4. The rate-temperature curves, Graph 5.18, show the
catalytic effect of the UO3 treatment, most probably the metal
being active. The rates obtained were about 10 times less
than for an untreated filament in oxygen. The curves show
a naxinun and hysteresis in the normal NQO sense, i.e. low
sense hysteresis,

5. The surface of the filament was pitted as for the
oxygen catalysed runs, and as can be seen in Photo 25 white
spots can be seen on the surface associzted with the craters.

6. The rate of reaction was about 5 times that obtained
on untreated filaments, Graph 4.7, compared with an increase
of greater than 10 tinmes for the oxygen catalysed reaction,
Comparison with the untreated rate in NZO is to a certain
extent arbitrary since this rate depended very nuch on the

particular filament taken,
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5.10. Platinunm Runs.

The nethod of coating the filanent was to paint it
geveral times with chloroplatinic acid solution. It is
known that gives Pt02 which decomposes below 50000 99. The
filanent was gently heated and at a very low voltage about
BQp of gas ceme off which was taken out completely by the cold
trap, suggesting water. Increasing the temperature, still
below visible, caused slight further degassing of a non-
condensible gaé, probably oxygen. .

The first runé, given in Table 5.26, for reaction
at 1200°c, 1720°C and then 1200°C, show that Pt has a
catalytic effect. In the first runs at 1200°C the anount
of 002 is also greaﬁer, probably due to secondary reaction
catalysed by the Pt. During these runs the rate increased
with increcasing burn off.

At 1720°C after an initially high rate, the rates
arc fairly constant and lower than at 1200°¢, On returning
to 1200°C the rate while still being higher than at 1720°C
showed no narked sign to increase and was about 1/2 the value
obtained before,

A fresghly coated filament was treated with pletinum
in the same way and aftef initial runs at 900°C a series of
rate-tenperature curves were determined, These initial runs
again showed a very high percentage of 002,'but for the

subsequent runs the product was predominantly CO.



)

]

107 x { RATE g. atoms ¢:m-2 sec-

74

o
|

GRAPH 5.19

Rate-temperature curves for a Platinum treated filament

e Runs 1371 — 1381

o Runs 1381 — 1391

A Runs 1382 —1396




Table 5,26,

Run
No.

1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251

1°¢

1200
1200
1200
1200
1200
1200
1200
1720
1720
1720
1720
1720
1720
1200
1200
1200
1200
1200
1200

All runs 5

Table

Filament No.

5.27

Platinun %reated filanents.

002/00
ratio

0.17
0.33
0.31
0.31
0.35
0.39
0.76
0.09
o
0.1
0,11
0
0.04
0,04
0,02
0.05
0
0.01
0.10

R x10

11.5
34.0
41.6
46,6
52.4
56.3
58.1
21,6
9.13
8.04
9.13
6.94
8.77
17.3
20,8
24 .3
16.4
20.1
24 .8

8
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Oxygen
balance

101
98
100
.98
99
99
99
96
99
99
g8
99
98
99
97
97
99
99
97

Analysis of Platinunm treated Filaments,

55
57

0.69 Pt'L
> Also Si, Fe, & Mg

Initial Pressure
pressure CO um
A
49,0 - 40.7
52,0 14.0
52.8 17.4
50.4 19.5
51.6 21,2
52.5 22.2
52.6 23.4
53.0 10.8
51.2- 2.0
"49.9 4.0
52.0 4.5
52.5 3.8
50.2 A.6
51.8 9.1
51.6 11.2
5%.2 12.7
50.0 9.0
53.2 10.9
51.8 12.3
seconds except 1233(15 secs)
Runs Nos.
1233-1251
1366-1396

0.6% Pt |
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'The results are plotted on Graph 5.19 and given in
Table A.5.,21, The first up curve is at nuch higher rates
than the lower curves suggestihg that platinum has been
driven off, possibly by disruption of the carbon by reaction.

These curves are particularly good examples showing'
how catalysis while increasing the rate by a factor of about
5 still causes a maxinmum to be observed, On the nore stable
curves, 2 and 3, hysteresis is nearly absent. .

The analysis of the filaments showed a 0.6% left
on the filaments after reaction. The reduction in activity
is therefore unlikely to be due to depletion from the surface.
The effect might be cue to aggregation as reviewed in

Section 2.7.3.



210.

5.11%, summary of Main Experimental Results for Treated
Filaments.

5.1. Tin, copper and zinc mainly reacted at 1200°C had no
e ffect with a slight lowering of rate for initial zinc runs.
Analysis showed no additive left on filament after recaction,

but the filament was covered with bronze coloured patches.

5.2 Crystalline boron and amorphous boron had no e ffect
on reaction at 1200°C or on rate-temperature curves, although
both substances took up oxygen initially to form the oxide.
A filament treated with amorphous boron and then coated with
pyrolytic carbon showed normal rates with the carbon less well
deposited. Rate-temperature curves on this filament up to
1800°C showed no crossover in the hysteresis.

A boric acid treated filament showed the rate
increased at the maximum in the down curve of the rate-

temperature curves to about 12 x1078

gr atoms/om2 sec,
otherwise the rates were near mormal. Boric oxide gave a
slight increase in rates particularly on the up curve between
1700 and 2000°C, where the rate was near 4.0 x1078 gr atoms/

2
cm~ sec.

Microphotographs showed surface was normal while
analysis showed boron still present in small quantities, about

50 ppm for boric acid and oxide filaments.
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5.5 Silicon, silica and sodium silicate gel had no effect
Silicon'initiélly took up oxygen and melted on surface as

could be seen after reaction.

5.4, Iron catalysed the reaction at 1200°C with a rate of
about 2.8 x10°7 gr atoms/cmz,sec, oxygen balances of 93-97%,
and a high COZ/CO ratio which fell with increasing burn off.
There was no tendency for the rate at 1200°C to fall with
increasing burn off, but heating at 1800°C caused rate at
1200°C to decrease due to depletion. The reaction at 1200°C
was first order, over pressure range 14—21§p.

An oxide treated filament showed catalysed rate of
between 1 ond 2 X10_7 at 1000°C with normal oxygen balances
and a high coz/co ratio.

The rates depended on the exact quentity of iron
on the filcment, which was not depleted at 1200°C but was at
1800°¢, Treating a filament with iron and then coating with
pyrolytic carbon gave normal results. |

After reaction the surface of the filaments was very
pitted for catalysed runs with about 0.01% of iron left on

the filament.

5.5, Tungsten also catalysed reaction but the rate fell
with increased burn off at 1200°C, with 0.6 order rcaction
at this temperature., Rate-temperature curves on a filament
only initially treated gave hysteresis in opposite direction

to untreated filaments, probably because ‘the 'up' runs were

catalysed,
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and after high temperature reaction no tungsten wos loft on the
surface. Rate—~temperature curves on a filament treated
between runs showed increased rates, with a maximum at 1450°¢

and rote of 7.0 XlO—7; the hysteresis being all in the high

sense,
The product for these reactions was predominantly
CO and oxygen balances were close to 100%. The surface of

the filaments were again pitted and spectrographic analysis
showed no tungsten left after reaction, but an increased

amount of iron,

5.6 (1) Molybdenum was the best catalyst found, increasing
the rate by a factor of a2bout 100 at high temperatures.  Rate
temperature curves showed very little hysteresis with a

slight meximum between 1600 and 1800°C. The 002/00 ratio

was normal and oxygen balances close to 100%. Heating a
treated filament in vacuum at 1700°C for 5 minutes caused
28,6p of CO to be desorbed,. The metal treated filaments
showed no tendency for the rate to fall off with burn off

but the MoO, trcated filaments did. The filaments were very

3
pitted after reaction with white spots of oxide associated
with several craters.

(2) Another filament was treated by depositing Mo as
oxides from a Mo filament,. Two methods were used during the

series of runs; first the carbon filament was treated with Mo

oxides and then reacted at alternate incrcasing and decreasing
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temperatures. Secondly, after the Mo treatment the filament
was heated at 1500°C in vacuum before reacting. In both cases
there werc maxima in the rate temperature curves, but the
actual metal, i.e. after heat treatment at 150000, appeared
to be a superior catalyst.-

If the carbon filament was not treated betweson runs

the rete gradually decreased, but maximum still existed.

5.7. Zirconium melted onto the surface also had a catalytic
effect, The oxygen balances were initiclly low as oxides
were formed but after this generally near 100%. The COQ/OO
ratio was also normal, Heating a treated filament at high
temperatures activated it; the highest rate obtained being
about 1.6 x10°° gr a‘coms/om2 sec. No maximum as such was
visible in the rate-temperature curves, the rate increasing
with temperature while the rates in down curves were much
greater than those on the up curves. Heating a treated
filament for 30 seconds at 1800°C in vacuum caused as much as
46.Qu of predominantly CO to be desorbed. Again craters were

visible on the surfece associated with white oxide.

5.8. Uranium trioxide filaments on first heating went black
from decomposition of the trioxide. The rate was catalysed

with no fall off in rate with burn off at 1020, 1200 and 1670°¢
The COZ/CO ratio was high and went through a meximum at 1300°C

and increased with increasing oxygen balance, the latter
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decreasing with temperafture after 13000C. The rate-
temperature curves showed only slight hysteresis in the low
sense with a maximum of 7.5 x10 ' gr atoms/cm2 sec at about
1500°¢. Treating o filament with uranium trioxide and then
coating with pyrolytic carbon caused the cerbon to be unevenly
deposited and rates to be about 2times higher than for
untreated filements. For this case the rzte increased with
burn off,

Again craters were visible on the surface but

without any visible substance associated with them,

5.9. For the uranium trioxide filament reacted in nitrous
oxide, the product was predominantly CO while at 1800°C the
rate decreased with burn off. There was a tendency for low
oxygen balances with adsorption of O2 or CO. Rete-
tempersture curves showed a maxinum rate of about 1 x10—8 gr
atoms/cm2 sec at 1250°C while the hysteresis was in the normal
N20 low sense, Gencrally the rates were about 5 times
higher than for N20 untreated filaments, which is zbout . '5
times lower thon for untreated oxygen reacted filaments,

The surface was about half covered by black patches

which on examination were found to be pits associated with

which could be seen white spots of some oxide,

5.10, Filaments treated with platinum from chloroplatinic

acid, exhibited true maximums in the rate-temperature curves
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between 1150 and 1250%¢, There was some suggestion that the
activity decreaged with burn off but the same rates were
found at 950 and 2000°C after reaction at increasing or

decreasing temperatures.
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SECTION 6, PROPOSED THEORY TO ACCOUNT FOR HYSTERESIS
RESULTS .

6,1, Introduction.

In the proposed reaction system reaction is assumed
to occur predominantly on sites type A and B, There is
further assumed to be very slow reactions which create and

remove sites A and B according to the following simplified

system
Ko
A sites B sites Very fast reaction
N KP[\
(i) i (ii) Very slow recactions
C sites

The fast interchange between sites type 4 and B is
taken to be the mechanism proposed by Nagle and Strickland-
Constable, The hysteresis observed at very low pressures is
assuned to be caused by reacticns (i) and (ii) varying the
number of sites of type A/B by creating and destroying sites
C, which themselves are very unreactive. [Another slow
mechanism also operates to create more sites of type 4A/B as
discussed below].

If we take n to be the total number of sites (type
A+ type B) from the Nagle theory the total number of 4 sites

will be xn, and the total number of B sites will be (x-1)n.
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Using the Nagle theory the total rate of reaction,

R, is now given by

K.F
R = ( 1+K P) xm + KgP (1-x)n
K. P
=[( $%> )x + KgP (1-x) n (1)
Z

Putting the bracketed term = r, that is the rate per site of

type A/B
R = rn (2)

wherce r is given by the Nagle theory.

This expression is the same as used by Duval (F = fn)
who found the factors f and n to be separable, f being constant
with time for a certain temperature and pressure, while the

hysteresis was supposed due to variations in n.

6.2.1., Variation of n with temperature (experimental).

Using the expression R = rn a graph of the variation
of n with temperature was calculated using the same method as
Duval, this being given in Appendix 6.1, The reeulting:;
variation of n/h1150 is shown on Graph 6.,1. The decreasing
temperature points, although showing scatter suggest that the
basic equation is also true for our results, Ag discussed in
Appendix 6.1 the large amount of scatter in these results is
due to the difficulty of estimating the initial rate; any
error at a particular temperature being systematically carried

over to proceeding points,

Thm s e .
e S
-

cxloorimental  vesuits used - nere sre



GRAPH 6.1  Variation of steady state site distribution S/With

8§50
emperat °C) at 50u
07- temperature (°C ) ) .
2 o
06 L0930 Mgsg | °
o} /. ’ \
o
0'5' \
o)
041 T
[
o}
o Increasing temperature
0‘3' /
° Decreasing temperature
024
]
01 -
0 T 1 1 ¥ 1 ! v | ]
1200 1400 1600 1800

)
o_2000
C

ALl



e 2/]90

6.2.2, Variationibf r with temperature (experimental).

For the purposes of obtaining the actual variation
of r with temperature from Graph 6.1 and Duval's results it

is necessary to know N ef since r = R/n

il.€0 Loglor = Logloﬁ + Loglo nref/n - Loglo nref

N.op W28 taken to be the values obtained later in
this section. If in fact oot differs from the wvalue taken
the general shape of the curve of Loglor against temperature
will not change, only its position relative to the rate axis.
The calculation of Loglor for our results and Duval's
results on graphitised filaments, are given in Appendix 6.2
and shown on Graphs 6.2 and 6.3. For Duval's results it
was necessary to assume that the site distribution n/n12OO is
the same for graphitised and non-graphitised filaments.
It is interesting to note that the curve Duval
obtained for the variation of r (Fig.l17, ref.(3)) for non-
graphitised filaments, which gave larger rates, exhibits

neither maximum nor minimum.

6.2.3. Comparison of experimental values of R and r with

predicted values from Nagle/Strickland-Constable
Theory (1’1’ ) .

R is calculated from the theory at 0.76u and 50p
in Appendix 6 and the values obtained are plotted on Graphs

6.2 and 6.3 together with the actual rates of reaction.
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As can be seen from these graphs the shapes of the
r curves and the R predicted curve are almost exactly the same,
both having maximum and minium. The fit between, in shape,
and R

R is not nearly as good. The

actual predicted

displacement of the curves can be assgociated with the value
assigned to L and the actual area of the filaments,

‘The theory used to predict the value of R was
evolved with rate constants to f£it the earlier work of Nagle
and Strickland-Constable and this may also be affecting the
displacement noticed on Graphs 6.2 and 6.3. However these
results do show that a two site theory of this form predicts
the shape of the r curves almost exactly.

The reasonableness of splitting R into r and n is
shown in both Duval's and our results, Moreover the
variation of r since it exhibits a maximum and nininum
necessitates a two site theory, With the variation of x being
almost instantaneous at a new temperature or pressure.

This last conclusion is inherent in assuming that r is
constant with time,

The fact that this is the case is strongly supported
by our results at 1440°C (after 1290°C) and at 1500°C (after

1440°¢), Graph 1.15.
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Rate

Totali burnoff,
P

Going from & to B there must be a factor in the rate
expression which decreases almost instantaneously. This is
taken to be r, which means x is instantaneously adjusted to

its new value.

6.3. Proposed Theory to explain variation of n with

temperature and pressure.

6.3.1, It is proposed that there are n sites on the surface
on which reaction occurs of type A and B. In considering
the disappearance or creation of sites (&/B) for the purposes
of anelysing the hysteresis results it makes no difference
whether they are.formed of type 4 or type B, or any
‘combination of i and B. The reason is that the fraotion'x
will instantaneously adjust to its steady state value. The
processes involved in [A+B];::ic being much slower.

The nature of the sites on the surfoce is bpen to

widely different interpretations. They have been associated .
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with edge atoms and basal plane atoms. But as discussed by
Busso79 the edge atoms themselves can be of several different
types. Also several workers have shown that n must be a

small fraction ofthe surface. [See 2.5.1].

6.3.2. The theory tentatively proposed is based on the
simultaneous annealing and creation of sites, the relative
magnitudes of these factors altering with temperature and
pressure.,

Process 1. L/B sites are assumed to be annealed out to G

sites at a rate proportional to the number of A/B sites n.

Rate of annealing of A/B sites = K n (3)
The rate constant in this case could just as well be a
diffusion rate of the form D = D e_H/kT. This is of

identical form to the Arrhenius expression, the constants
however having a different physical meaning.

Process 2. 4 certain number of A/B sites are assumed to
be created by direct gaseous attack on the surface, the rate
being proportional to the non reacting surface (NN-n) where

N is the maximum number of C sites which can be formed into
active A/B sites. This reaction was assumed to have a first
order pressure dependence and a rate constant Kz‘

Rate of creation of A/B sites by 2 = K, (N-n)P (L)
This process could occur with or without actual reaction of
the O2 with the surface, If reaction does occur it would
only add negligibly to the rate of formation of CO because

the process is much slower than the reaction processes on i
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and B.

Process 3. The other creation of 4/B sites process was
assumed to be rclated to the actual rate of gasification, a
small proportion of the reaction on A/B sites causing
additional sites to be created. The pressure dependence in
this case being the same as that of actual reactionl¥) For the
purposes of this analysis the rate can be assumed to be
related to one rate constant.

Rate of creation of sites A/B by Process 3 = KBPXL. (5)
Only a very small number of 4A/B sites on reaction give more
than one site perhaps by uncovering further crystalline
defects, or disrupting the surface in other ways.

L further discussion on the nature of the A/B and

C sites is given after the analytic sub-sections. The factor
N will vary from one type of filament to the next which
further accounts forthe displacement observed on Graph 6. %.

The reaction system now becomes diagrammatically

n sites
fasp % ]
A.?“"‘B K3P e i or B sites j
slow 4
.
Kln K2(N—n)P
slow slow

4

C sites
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Several other models were tried including meking
Process 1 dependent on some power of n. Also Process 3 was
replaced by another removal process dependent on the
gasification reactions. None of these gave equations which
showed & change 1n hysteresis sense. The only other which
gave a good fit to the data was obtained by meking the rate
of Process 3 independent of n. However this is difficult to
justify since it is contrary to the assumption that the

reaction occurs predominantly on A/B sites.

fprg change in hysteresis sense with preséure ‘is due to Procass
being 1mportant at 50n, but unimportant: at 0.76 we ~ - o F

6.3 .% . Steady Conditions.

Thig is the case when the rate of reaction R has

reached a constant value, and n is constant with time.

rd

_ _ X
Kyn = K2(N n)P + Kz P~ n (6)
... n — K2 N P ) (7)
X
Kl + K2P - KBP

Equation 7 can be put in a more manageable form

N
= (x=1) (8)
n 1+ K /E,P ~ Kz/K,.P x
= I - (8)
1+ K5/P - K,P (x-1)

where XK, = KB/KZ and Kg = K/K5.



227,

If n is the number of A/B sites at tempersture T,
and Noep the number at the reference temperature below which
no hysteresis appears

_ (x=1)
o _ [1 + K5/P ~ &P Jrer (9)
T “ref

[1 + Kg/P - K4P(XL1)]T

6Bk Non-steady conditions.

Consider dn sites formed in time 4t at constant

temperature and pressure

No. of sites (A/B) created = V[KZ(N—n)P + KBPX nldt
No. of sites (i/B) anneeled to ¢ = K,ndt
Hence  [K,(N-n)P + KBPXn - Kmn]dat = dn (10)
Putting KNP = (11)
x7
Ky + KP - K;PX = 9 | (12)
an = dt (13)
@ - en
Let n, be the number of (L/B) sites at t = O. n, is a

function of the previous temperature and pressure of reaction
and is given by equation (7), if steady conditions were
attained,
Integrating (13) »
en = ﬂ? - (g - oin_) e Ot ' (14)
At time = ©w , n = constant = N

Prom (7) N = 9/@
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t

e nfig = 1-[1-n/ng ]e™® (15)

For decreasing number of A/B sites with time the original

equation is

(k0 - KBPX n - EKP(N-n)] at = -an

~ bt

This is identical to (10) and the resulting equation (159

o

covers both cases,

6. 3.5. Fit of theory to experimental resgults.

In Section 4.2,2 the order of reaction was found to
vary between first order at 0.76u and 1.5 order at 50u. The
order was algo shown to be greater than 1 over this range by

Duvala. For the purpose of solving (9) it was put equal to

1.25.
Putting
E, - E
_ . _-E_/T _ 1 2
K5 = g e °h where E5 = ——g
E, - E
K4 = A4 e_E4/T where E4 = —z—ﬁ——g

equation (9) becomes
(1 + A5/P.e_E5/T - 4y
(1 + AS/P.e—E57T - A4PO'25 e—E4/T)T

POTZS e—E4/T) ref

1n nT/n = 1n

ref (16)

The solution of (16) was carried out by assuming at
low temperatures at BQF the K5.term was negliigiblc. Hence
an initial value of K, was obtained by fitting to our data

below 17OOOK. An initial wvalue of the K5 term was obtained
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by assuming the K4 term to be negligible at 0.76n. K4 and
K5 were then recalculated using the complete equation in turn
at 50u and 0.76n, several trial and error procedures being
necessary before a gatisfactory fit was obtained. It was
also found that neither x" = 1, nor ¥ = 1.5 gave a satisfactory
£it, &

This solution gave the following values

5 - 1.67 x10*

Kg = 9.0x 107 e T
- _0.35 x10%
Ky = 7T5.4 ¢ 0
6.%3,6. Fit to non-steady conditions.

In order to determine all the rate qonstants
equation (15) was fitted to data at 50p and 0.763. As shown
In Table 4.6 7 the value of 6 at 0.76p for reaction at 1700°K,
following 1200°K was found to be 3.0 %1072, In fitting the
data at 50u considerable scatter in values of 6 were found
but the curve for reaction at ﬂ508°K, after'11550K;'was chosen
since this did not show any abnormal behaviour and also gave |
a value of © at a temperature 308°K higher than the 0.76u
results. Here © was found to be 3.48 %1072,

With two values of € at different conditions it was

possible to determine Kl’ K, and KB'

+ K P - K3P

Prom (12) 8 = K, o

.8 = KPP [1+ K5/P - K4P(X"1) ]
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Since K4 end Kg are known from 6.3.5, K, can be determined at

0.761n and 1700°%. The bracketed term = 5.438 (Table 6.3).

. 3.0 %1072 = 5.438 K, x 107°
Similarly at 50u and 15080K
-2 -5
3.48 %10 = 0.346 K, x 6.6 x10
Solution of these equations gives
4

8 e~1.71 x10

K2 = 1.29 x 10 i

Since K, = KB/KQ and Kg = Kl/K2 using the values of K, and Kg

obtained in 6.3,5, with K,

4
1.16 x 107 o238 x 10

K

1 T
4
Ky = 9.73 x 107 ¢72:02 £ 10




GRAPH 6.4 Comparison of experimental and theoretical steady state

site distribution at 50u.
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GRAPH 6.5 Comparison of experimental and theoretical steady state site
distribution at 076

-1-04 o Experimental curve. Duval's results({3 )

x Theoretical cucve, broken line.

-2.0-
-3.0-
X ro
T T T T T | T 1 g
1200 1400 1600 1800 2000 °K



GRAPH 6.6 Comparison of experimental and theoretical variation of

number of sites with time at 076 u.
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GRAPH 6.7 Comparison of experimental
and theoretical variation of number of sites

with time at SD)L.
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6.4. Discussion of Hysteresis and Proposed Theory.

6.4.1, General,

For steady site concentration the predicted curve
at O.7§u, Greph 6.5, shows a very good fit, while at 50m,
Graph 6.4, although the fit is not so good it satisfactorily
predicts the maximum in the number of sites. The experimental
curves at 5QP cannot be considered very accurate due to the
error in estimating the initial rate as discussed in Appendix
6.1. This same error also affects the unsteady state
conditions, but again the predicted curve follows closely
the experimental results.

The theory can only be applicable to low burn offs.
As the rate of reaction increases with pressure the surface
atoms are being removed so rapidly that the hysteresis
processes do not have time to operate. Under thc conditions
in the present work and in Duval's work the reaction removes
several monolayers only per second.

The activation energies for the annealing process (1)
process (2) and process (3) were found to be 67, 35 and 40
kcals/g., mole. The sites A/B anneal out in two ways. The
majority of type 4, anneal out to give less active B sites,
this being a fast reaction. A few (i or B) also anneal out
slowly to give inactive C sites. The difference could be

due to differences in neighbouring atomns. This value of 67
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80 who found a

k¥ cals is in keeping with the work of Feldman
value of 40 kcals/g.mole for combined volume and grain
boundary diffusion, and Diene:Sl who calculated a value of
90 kecals for volume diffusion in a graphite lattice. It is
not possible to completely justify the values of 35 and 40
keals/g.mole but they are of the right order of magnitude,

In support of the idea of variations in the number
of active sites causing hysteresis 1t is interesting to note
that Taylor and Thon82 have shown that the Elvolich equation
is inconsistent with the classical concept of a fixed number
of adsorption sites. To explain the adsorption these

authors proposcd a mechanism based on the creation of active

sites by gaseous attack and an annealing out of thiese sites.

6.4.2, Variation of n with temperature.

The total number of sites 4i/B can increase through
two possible mechanisms. Pirstly the total surface area can
increase, i.e. the roughness factor, with rcaction, while the
fraction of (A+B) with the total surface area remains
constant. The net effect is that n increases relative to the
geometric area. The second possibility is that the true
surface area renains constant and n increases because the
reclative proportion of (A+B) sites increases relative to the
true area,

Duval3 at O.7Qp using the adsorption of ethylene
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found insignificant differenccs in the roughness factor for
filaments burnt at 1200°K, 1400°K ana 1850°K, the values
obtained being 23.4, 23.5, and 27.2. 411 these values were
considerably higher than o new filament heated at QOOOOC,
which had a roughness factor of only 4.1.

U.K.iL.BE.A., Harwell kindly attempted to measure the
B.E.T., area of filaments reacted at EQp. Unfortunctely due
to the very small areas involved this was not feasible.
However it is thought that due to the increcsing importance of
Process 3 at 50n some veriation in the surface area may be
expected.

The variation of n could possibly be associated
with blackening of the filament. At O.7§p Duval found the
filament burnt black only at low temperatures and it is in
this region that n is largest. For our results the
blackening occurred between 1000 and 13%00°C and it is in this
region ot 5Qp that n goes through a maxinum. This cannot be
the complete picture because for reaction at 98000, Graph 4.17
while the rote incrcased the surface became progressively

more silvery,

6.4.3. Nature of active sites,

In the Nagle and Strickland-Constable theory it was
tentatively proposed that the sites which constitute n, i.e.

A and B sites, can be associated with edge and basal plane
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atoms, While this cannot be the case with our theory, it is
possible that the A and B sites are different edge atoms and
the C sites basal plane atoms. n then increases becouse the
number of edge atoms increases.

It is further possible that the C sites are all edge
atoms., 4 and B sites being specific types of edge atoms.
In this case the increase of n can be due to the number of
edge atoms increasing, or the number of A and B sites
increasing while the number of edge atoms remains constant.
Also in this case N would be related to the total number of
edge atonms,

The feagibility of there being several different
types of edge atoms of different reactivity has been
discussed by Bussolw% an examination of Fig. 6.71. shows

several possibilities.

6.4, Discussion of the processecs involved in the theory.

A. The exact mechanism whereby additional A/E
gsites are created by Process 3 is opon to debate, but two

possible ideas are considered,

T Considefing 6.1. it is possible the¥f two or
more sites arc about cqual reactivity towards O2 attack.
However the sites could differ in as much that once the

carbon atom has been removed by reaction, the two different
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FIG. 6.1 Plan of graphite network




sites leave behind the network in different states of
reactivity. In one case an extra edge site of type A/B could
be formed. Under this idea the roughness factor of the
filament would not change.

2. A second possible mechanism is that the non-ideal
of the graphite is such that attack at certain edge atoms
could uncover further edge atoms on other crystallites, or
increasc the area by a similiar mechanism. Considering the
hypothetical case of reaction /
in direction Y, along edge atoms
where two crystallites lie at an
angle with one another. Attack

along Y will not only leave

edges in direction ¥, but will

also uncover additional cdge

atoms at points X where further reaction can proceed. Other
possibilities exist with othcer defects,

If the mechénism is sgimiliar to the second one
considered it is likely the the truc arca of the filament
would change with reaction. The fact that at O.7§p‘no such
increcase was detectable is explainable by the small part
Process 3 plays at this pressure, as can be seen in

Table A.6.4.,
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Oonsidering the pressurc dependance found for
Process % and the fact that it can be related to one rate
constant, suggests that there is some connection with the A
sites in the Nagle and Strickland-Constable thceory. As
already stressed this would not affect the x in the Nagle
theory since this would be instantaneously adjusting. Process

% in this case would become -

rate = KBPynx
There appears to be
no fundamental reason why an expression of this form , with

the other two processes, should not also fit the data.

B. Duval5 found that at 0.76n a hysteresis effect
could be produced by merely heating in vacuum. This effect
was about the same order of magnitude as the reaction
hysteresis. This effect is consistent with the idea of thermal
anncaling taking place.,

In the present work at 5QP? however, only a slight
deactivation was produced by heating in vacuum. In the case
where a black filamcnt could be turned silvery by heating at’
2000°C in vacuum; showing surface alteration on quite a large
scale; it is thought that vaporisation plays an important
part.

The fact that merely heating in vacuum appeares to

cause very little hysteresis for reaction at EQy, requires
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further examination. This does suggest that another process
is also responsible for the removal of A/B sites; in addition
to the annealing. This process can be associated with the
least satisfactory aspect of the theory, whereby at 50u n is
greater than N. (Table A.6.5.)

As mentioned earlier attempts to include another
removel process directly in the theory did not give
satisfactory fits. A possible explanation ; concerning
Process 2, is that when n is small the chances of an oxygen
molecule 'reacting' with a C site to give a A/B site are
large. On the other hend the chances of an oxygen molecule
'reacting'with an A/B site and remove its activity is much
greater when n is large. Process 2 therefore could
represcnt two different mechanisms but both of which have
almost identical rate constants. If this is so it suggests
that the controlling rcaction constant is the adsorption of
oxygen, and the probability of whether an A/B site is removed
or created depends on the probability of whether oxygen is

adsorbed on 2 A/B or C site.

In addition to the other model mentioned in Section
6.3.2., the only other model which was found to fitt the data
satisfactorily was obtained by meking Process 3 responsible

for the creation of additional C sites. The ecquivalent
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equation to Equation 6 ( page 226 ) was then:-

=

constant related to the maximum possible number of C sites.

n =K, (( KBPX + N' ) -n ) P. where N' is another

The ecuation for n becomes:-

Nt 4+ KIPE
N S i
( K4 /P o+ 1) For this cquation.

to fit the data at 0.76p and 50p it was necessary to put x”
equal to 0.25 which is difficult to justify,

6.4.5. Results with other oxidising gascs,

Boulangier and Duval? found = constant burnoff of
about % x 10-7 g. atoms / cm2 removed the hysteresis effect
for 02; COQ; and H,O, However since the roughness facth of
filaments rcacted in these gases varied in the order 25, 100,
and 40, the total burnoff is by no means constant relative to
the actual arca,.

Ag already mentioned Strickland-~Constable found
that filaments only burnt black in oxygen; a result confirmed
in this work. It is therefore suggested that this blackening
is related to Process 3%, and that Process 3% only occurs for
reaction in oxygen. For other gases it is suggested that
only Processes 1 and 2 are applicable, but althoygh the basic

mechanisms mey be the same, the rates of Process'1 and,
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particularly Process 2; may alter from one gas to another '
becauscs -

a) If different active sites are involved for
different gases, the annealing rate may alter because the
different sites may be closer or further from a more
stable state.

b) Creation of sites by Process 2 cannot be expected
to be the same for different gases.

The main result of these suggestions is that with
only two mechanisms applying, the hysteresis cannot change
sense. Purther the sense of the hysteresis will be as found
for reaction in oxygen at O.?Qp. Both these conclusions are

11

as found experimentally by Strickland-Constable’ 'and

Boulangierq.2
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SECTION 7, DISCUSSION OF RESULTS.

7.1. Untreated Pilament Results. .

The moin results on untreated filaments show that
the hysteresis is iﬁ the opposite sense to that observed by
Duval3 under reaction conditions of temperature and pressure.,
Other experiments showed that the explanation of the
differences in their results was not due to different
filaments used, nor to differernces in the quantity burnt off.

The fact that the low burn off runs were no
different and that a cold trap in the reactor did not affect
the results supports the view that secondary reactions do
not toke place.

: The hysteresis was found fto change sense at a high
temperature; the temperature of this change over decr -asing
with decreasing pressure, In general the results support
the earlier work of Strickland-Constable, and the OOz/CO
ratio, while remaining small, increased with temperature as
found by SﬁivonenSB.

The explanation of these hysteresis results is given
and discussed in Section 6 together with a discussion on the
nature of the active sites.

Certain results were found in the examination of the

hysteresis which were against the general trend. deveral

results showed & hysteresis over an initial burn off of
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less than 5 x107/ gr atoms/cm2 sec, which was econtrary to the
expected sense. The possibility that the hysteresis results
was differcnt at low burn offs can be discounted because of
the low burn off runs, Graph 4.7, and also because most of
the hysteresis results did not chow this trend at low burn offs.
I4 is thought nost likely that these initial points were caused
by desorption from the filament mounts and possible
contaminatioh of the surface of the filament. It was
noticeable during any series of runs that if the filament was
left standing in vacuum overnight the rate the following day
was significantly lower, Duval3 who observed the same effect
showed that the contamination appeared to come from the grease,
Apiezon L, replacing all his greased taps with Hg cut offs
eliminated the effect,

The feact that filaments did not burn black in N20
and black filaments were not turned silvery by extended burn
off in N,0 strongly suggests that reaction for N,0 and 0o
occur on different sites, Additional evidence for this
conclusion is given by the results which showed that reaction
in one gas had a very small effect on subsequent reaction in
the other.

Generally the reaction rate in N,0 was much less than

observed by Strickland—Constable11

and only a very snall
hysteresis effect was noticeable. i possible explanation for
the activity of Strickland-Cgonstable's filaments is that his

extended reaction at high pressures caused pits to be formed
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and also completely removed the less active pyrolytic carbon
layer, The results for N2O do however show the same effect
of increasing rates at high temperatures and this is thought
due to dissociation of N,0 as suggested by Strickland-Constable.

No pitting waa found on the filoment surface
following reaction in oxygen and microphotographs showed very
little difference in the surfaces for filaments burnt at
different temperatures, both showing prominent cones. A8
expected the blaclk filaments were rougher on the surface than
silvery filammnts but no deep pores could be seen,

Ihe order of reaction as shown on Graph 4.6 shows an
order of 1.5 befween 20 ond 150u. Since our results and
those of Stricklend-Cponstable at 20n were carricd out on the
same type of filaments these results can be considered fairly
reliable., The order is also consistent with the Nagle
Strickland-Constable thecory which predicts an order greater
than one in this region21.

The same curves, however, show an order of 1 between
iu and 0,65 u which is neither consistent with Duval's results
nor thc mentioned theory. Two factors however nake the order
found in this region unreliable. The 0.65p results were
carried out on different filaments and this can cause a

considerable difference in observed raotes,. The actual rates

found by Duvael for graphitized filaments showed quite a
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variation for different filaments. The second factor is that
the results ot 5n showed the effects of the glow discharge
enhanced reaction at high temperatures.

This glow discharge was assoclated with blackening
of the reactor walls suggesting vaporisation of carbon was
taking place, The use of a cold trap did not eliminate the
discharge, which suggests Duval's proposition that the
discharge is caused by Hg vapour to be incorrect. In general
the use Qf a cold trap on the reactor had no effect on the

reaction,

7.2, Tentative explanation of rate maximum from electronic

viewpoint.

The variation of the Hall effect with heat treatment

84

found by Pacault et al can be related to the maximum in the

retc-temperature curve, The variation is shown below. i
positive Hall coefficient is given by n band electrons while
o negative one is given by positive holes. The Hall effect

is secen to go through a ninimum at about 1500°C and e maximun

at about 190000; and also go from negative to positive.

A

Hall / \
Coefficient(
N /‘/ N °c
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Tor part 4 the hole formation increases, and hence
the number of traps for w electrons incre;se. This will tend
to give Long and Sykes structure (b) [Fig.2,1] and hence
increase the rate, After this first minimum the © band begins
to £ill up again ond there is a greater tendency for the less
reactive form (a) [FPig.2.1] of chemisorbed oxygen with
consequently less reaction. After this maximum the number
of electrons in the m band decreases due to thermal excitation
of these fairly localised 7™ electrons into the conductance
band, as was suggested in the work reviewed in Section 2.5.5.
As the n electrons decrease again the likelihood of structure
(b) increases and consequently the rate once more speeds up.

Ubbelohde et a185 related the formation of holes for
curve .. to loss of hydrogen. Volkenstein63 has suggested
that the hole formation can be related to solld defects, and
interaction between defects. It seems likely that some
mechanism other than evolution of hydrogen 1s responsible,
Ubbelohde related the reduction in the number of holes in
curve B to the knitting up of broken networks which accompany
crystal growth. This is the same mechanism proposed in the
2 site annealing theory and these two ideas arise out of the
same physical process. But in one the reaction is taken to
occur actually on the broker bonds while in the other the
reaction could occur elsewhere, the bonds just acting as

electron traps,
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This is only a very tentative explanation but it is
useful in that it suggests a tie between various electronic
data and the reactivity of carbon filaments. It also helps
to bridge the gap between the uncatalysed and catalytic work

on carbon described from the electronic viewpoint.

7.3. Catalytic reactions.

The fact that Zn and Pb did not affect the reaction
was undoubtedly due to none of the particular substances
remaining on the filament. Our results also showed that
boron and silicon did not affect the rate although several
previous workers have found an inhibiting effect57’61’68.

The substances which catalysed the reaction, W, Pe,
Zr, Pt, U, and Mo, were all able to exist on the filament,
although W and Fe were slowly driven off at high temperatures.
At low temperatures all these substances have been founéd to
be catalysts6o but it has also been reported that Zr can
inhibit the high temperature reaction88. In the latter case
a 35% Zr content was used which suggests that oxide formation
at the high pressures used shielded the reaction of graphite.

Prom the oxygen balances there appeared in most
cases to be some oxide formation, but also higher oxides
appeared to decompose. This vas particularly well shown in

the results on Zr and U where heating in vacuum caused 310)

to be evolved, Further reaction in oxygen then caused a
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net up take of oxygen. At first sight this suggests an
intermediate mechanism but the quantity and speed of
appearance of the CO cannot alone account for the increased
rate. The other catalysts gave very 1little CO when heated
in vacuun, while Pt would be expected to form no oxides.
The fact that Pt is a catalyst again is evidence against an
intermediate explanation.

The exact heat treatment and degassing procedure
appeared to alter the activity of all the substances used.
A similar effect was found by Gallagher et 21 with iron as
reviewed in Section 2.7.74. Generally the results of low
temperature catalysis and high temperature catalysis are not
thought to be comparable. Not only is the basic mechanism
for the uncatlysed reaction different, but the form of the
catalyst on the surface would be very different.

Thermodynamic considerations show that most of the
substances can exist as either carbides or oxides depending
on the intimacy of contact with the carbon. This supports
the experimental evidence, and it is interesting to note that
in the case of zirconium on large particles a white surface
characteristic of the dioxide was visible,

The thermodynamic calculations are of limited use
for several reasons. Not only is there a lack of datea on
many compounds which might be involved, but the exact

intimacy of contact between the metal and carbon is not known.
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This can be further complicated by the possibilities of solid
solutions being formed. To completely eliminate the
possibility of the catalyst acting as an intermediate it would
be necessary to know the relative speeds of the intermediate
steps which of course must be faster than the uncatalysed
regction., In addition to the lack of fundamental
thermodynamic data there is also a lack of vaporisation data,
this again being complicated in not knowing thevexaot
composition of the additive on the surface.

For most additions the C0,/CO ratio was normal.
In the case of iron an initial high 002 ratio was found
possibly due to decomposition of the oxide. If it was due to
catalytic oxidation of CO,the 002 gquantity would be expected
to be continuously high. A similar decomposition mechanisnm
appears likely in the case of Urcnium where the quantity of
CO, went through a pezk at about 1300°C and then decreased
with decreasing oxygen balances, The fact that most
substances, including Pt after the initial runs, gave
predominantly CO adds evidence to the idea that the basic
mechanism is not changed.

The most importent results of the catalytic work show
that the basic reaction mechanism is not changed. The
reaction still exhibits a maximum in the rate; particularly

well defined in the case of Fe, W, U, Mo and Pt.
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The catalytic results also appeared to exhibit
hysteresis effects, It is not possible to say whether the
hysteresis is fundamental hysteresis due to the carbon
oxidation, or hysteresis because the impurities alter their
activity due to altermations in chemical form at different
temperatures. The rates observed on the rate-temperature
curves often returned to the same values at low (and high)
temperatures which is indicative of it being a fundamental
hysteresis. This was shown in the case of Pt although the
magnitude of the hysteresis appeared to alter.

The above fact that the basic mechanism does not
appear to change with catalysis is strong evidence of an
electronic interpretation. An outline of the Long and Sykes
theory is given in Section 2.7.2. The idea of Strickland-

Constablezo

that the uncatalysed reaction occurs through a
chemisorbed complex is compatible with the electronic theory.
The coliplex caen be considered to be adsorbed on active sites
of types (a), a certain number of these sites being of, or
becoming (b) with subsequent evolution of CO. The idea of a
chemisorbed gas able to exist between two states of bonding
'weak' and 'strong' has been analysed by Volkenstein 63
from both an electronic view, and interaction at defects,
The ideas were based largely on the localisation and

dclocalisation of electrons and holes, the relative rates

depending on impurities and defects.



254,

Apart from Pt those substances which catalysed the
reaction could exist in various oxide states and also be
reduced to the carbide. If a metal can exist between two
oxide states two mechanisms are possible. One as suggested by
Amargilio66 is continuous oxidation and reduction of the oxides,
and in this case the mechanism of the catalysed reaction is
different from the uncatalysed reaction. The other mode of
operation is that non stoichiometric oxides are formed which
can accept electrons giving structure (b) by accepting an
electron.

It was proposed by Long and Sykes that it was the
conditions at the surface of a non stoichiometric oxide which
enabled it to accept electrons. Semiconductor research has
shown that p type oxides which tend to have eXcess oxygen in
the lattice can give rise tv a series of electron holes
(traps) near the surface which will readily accept electrons’?.
This may be the case at low temperatures where conduction is
by positive holes and not the actual iron, but our
temperatures;with reducing conditions at the interface and
low oxygen pressures;could be expected to give metal excess
n type oxideng. At low temperatures n type oxides will not
accept electrons but at high temperatures, as explained by

Hauffe59 the metal ions can migrate to the surface of the

oxide and hence gccept electrons. This is thought the
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possible mechanism in ‘6ur case whereby the metal ions in the
non stoichiometric oxide accept electrons giving structure (b).
It is glso likely that the free metal forming bonds with the

n electrons again giving an active structure of type (c).

The acﬁiﬁity appears in our results to be & function
of temperature,”éxygen pressure and time of heat treatment.
The different activities are suggested due to different
amounts and nixtures of non stoichiometric oxide formed and/or
differences in the amount of free metal and carbide forming
bonds of type (c). In the case of Pt no such oxides or
carbides are formed, and it is thought that Pt merely accepts
electrons,

Evidence-has been forwarded by several authors that
there exists an optimum particle size for catalysis [See
Section 2.7.3). This may be tied up with grain boundaries
as suggested by Koblev. In our work no snalysis of optimum
particle size was carried out but the very large particles
of Zr and U appeared to be very active. Even if there does
exist an optimum size for the catalytic particles it does not
necessarily discount the electronic interpretation. A
particle at a grain boundary would be expected to have nore
influence since it could extract electrons from a greater
number of graphite layers than a particle simply sitting on

the basal plane.
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The best catalysts appeared to cause considerable
pittings on the surface which supports earlier workers, and
suggests a certain localised action. The quantity of
catalyst on the surface also appeared to affect the activity.
This was particularly evident in the case of iron where
depletion of the iron at high temperatures caused a decrease
in the rate. It has been suggested that both these factors
of localised action, and variation with quantity of catalyst
are against the idea of an electronic interpretation. They
are however completely compatible with the electronic
approach in the case of graphite, because the solid is not
continuous from the viewpoint of the electrons involved. It
is for this reason that Band theory considerations as often
applied to heterogeneous catalysis are not applicable to
graphite9o. Under the Long and Sykes mechanism the
interaction in the € direction” would also be negligible.

This is possibly the reason why putting iron and uranium in
g filament and then coating with pyrolytic carbon had very
little effect on the rate and why Mukuibo [Section 2.7.3]

found vanadium had no effect inside graphite.

(* Perpendicular to the basal plane. )
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APPENDIX 1.

Sanple Run

All pressures are in n [107° mm Hg ]

Run 1274,

Pressure of oxygen 5 minutes after introduction 52.0
Filament at 129000 for 15 seconds

Pressure after 5 nminutes 55.9

Tap between reactor and McLeod section closed
Cold trgp in
Pressure after 3 minutes 54 .6
Tap to Hopcalite opened
Pressure after 2 ninutes 4742
Cold trap renoved and apparatus evacuated for at least

10 minutes.

For this run:-

Increase in pressure from reaction = 3.9 n

002 pregsure s~ 1.3 n corrected
0.5 1

C0 9pressure i= T 1

Rate of reaction = & = 0.9127 x107' gr atoms of C reacted

per scc. on?
= L4 - 9.9127 x1077
1 *
. 8

1

80 x 10~
r = coz/co = 0.5/7.4 = 0.,068.

Oxygen accounted for = Final pressure + CO, pressure + 1/260
pressure.

In this case the uncorrected 002 pressure is used since the
final pressure is also uncorrected and the error cencels out.
. ".0xygen accounted for = 47,2 + 1.3 + 1/2 x 7.4 = 52,2
.*.0xygen balance = 52,2/52,0 = 1009
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Calculation of R.

Assuning the ideal gas law applies to the systenm,
which is a reasonable assumption since oxygen is used at low
pregsures Then PAV = NA.RT

where P, is pressure of 002 and CO in mm Hg

L4

N, is no, of noles of CO, + CO; which is
" equivalent to number of gr atoms of carbon
reacted.

Tet time of reaction be t secs.
. . 2 .
Area of filament be 4 cn™. Baged on Gecometric area.

Then Ni = R = %ﬁ [E%T ] er atoms/om2 sec

where V = volumne of apparatus in litres,
T = a2bsolute temperature OC,
R = Gag constant = 62,36

The bracketed term is constant. A1l the experimental
readings are assuned to be taken at 293°K, The area of the
filament will vary slightly because of burn off, but the
effect is negligible.

Diameter of filarents 0,3 nm,. Len~th 12.7 cn.

Volune of apparatus 1996 cc.
.. RALT = 2.187 x 10t
e R = /4 20,9127 x 1077 for Bi in n

t in secs.
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LPPENDIX 2,

Tigt of Pilanents.

Filament Run Nos, Treatnent
No.
1 Unreacted
2 Unreacted
3 Unreacted
4 38 -~ 83
5 e treated.
6 235 - 242 Sn evaporated from Pt coil.
7 2435 — 252 Cu evaporated from Pt coil.
8 253 - 269 Granular Fe evaporated from W basket.
9 270 - 286 i 11
10 Unreacted Granular Fe evaporated from W basket
while filament at 1200°C.
11 289 -~ 293 Zn heated in W basket at 87000 in
BQu of 02.
12 294 - 297 "
13 298 - 300 Granular Fe evaporated fromn W basket.
14 301 - 325 W filament at 1500°C while carbon
filament at 1200°C in 50u of O,.
15 329 - 358 Pt at 1050°C in 50u of 0, for 30 secs.
16 360 ~ 412 W treated, W filawent at 1600°¢ in
501 of 02.
17 416 - 453 Fe wire at 1300°C in vacuun.
15 457 = 459 Fe wire in vacuun then coated with
pyrolytic carbon.
19 460 - 464 Fe wire heated while coating with
pyrolytic carbon.
20 165 - 485 Crystalline boron ground up in pestle
and nortar.
21 456 - 502 1 n
22 503 - 510 Crystalline boron in acetone.

23 511 - 531 Boric acid powder suspension in acetone



Filanent

24
25
26

27
28
29

304
30B
31
32
33
34

Run Nos.
532 ; 556
557 - 567
570 - 580
502 - 615
616 ~- 633
634 — 6473
644 - 663
664 - 684
685 - 704
706 — 722
723 - 740
741 - 751
752 - 764
770 - 768
781 - 790
791 - 794
795 - 796
797 - 829
830 - 841
842 - 959
960 -1003

1004 -1029

1030 ~1046

1049 -1076
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Treatnent

Boric oxide evaporated from Pt coil.
Untreated.

Untreated to 579, coated with boric
acid at 580.

Untreated.
Aniorphous boron suspension in water.

Amorphous boron then coated with
pyrolytic carbomn.

Amorphous suspension in acetone

Zr suspension in acetone,

Zy suspension in acetone,

Zr suspension in acetone,

Mo powder in acetone.

Mo powder in acetone.

MoO3 suspension in water,

Suspension of silicon powder in water.
Suspension of silicon powder in water.
Silica suspension in water.

Sodiun silicate solution.

UO3 suspensicn in water.

UO3 treated then coated with pyrolytic

carbomn.

O2 and NZO hysteresis, untreated.
Reacted in NZO’ untreated.
Reacted in NZO’ untreated,

Reacted in N,0, treated with U0, after
1028. 2 3

NZO reected. UO3 gsuspension.
Pilament prepared from CCl,.

r

I'ilanment heated 2% 127000 Tor total of
6 mins. in O2 only.
Filament heated at 2OOOOC for total of
6 ning. in O2 only.

Filament heated at'95000 for total of
6 nins. in O2 only.
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Filanment Run Nos. Treatment
No
52 1079 - 1174 Reacted in N2O and 02.
53 - Reacted 2000°C to 950°C. Then
2 minutes at 950°C.
54 1175 - 1232 Reacted in 02 at 50/u.
55 1233 ~ 1251 Pt treated.
56 1255 - 1365 Composite curve at 50 n untreated.
57 1366 — 1396 Pt treated.
58 1113 - 1495 O2 hysteresis Runs.

59 1499 - 1537 Mo treated, from Mo filanment.
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APPENDIX 3,

Thernodynanic Calculations.

Method of Calculation.

1. Consider ZrO2 — 2T+ O2

AT, reaction at 1500°K = 193,900 k cals/gr mole

But &FR = ~ RT 1n KR
where KR = equilibriun constant
F
. - R
. Logiy Kp = 1/4.579 —=
In this case LO%:LOKP = ~ 28,261
For this reaction X, = P in atn.
R O2
. * . PO = < 10—28 a'bl'_l.
2
Since under r action conditions PO %10_6 the Zr0, will no%t

2
deconpose under reaction conditions.

2. Consgider Zr02 + 4CO—>ZrC + 3002

AF(ZrCc) + Bzxp(cog) ~ AF(CO)
—AF(ZI‘OZ)
+ 98, 530 .°. LoglOK = -14,%61

H

JAN FR reaction

n

A
In this case Logyy Kp = (P002)3 / (Byy)"

PCO will vary between about O and 151 Aduring reacticn. Taking
Pyo = 7.6 u is 1075 atm.
. (Pe)t = 107%0 atm.
.*+ Togy, KR(POOZ)3 = -11.361 - 20.000
= 34,361
.. Togq, (Pcoz) = -11.451 = T2.546
e Poy = 3.5 = 1077° atn.

2
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co norially about 10_6 atn., and therefore this reaction is
2 not feasible.

Free energies for formation of 002 and CO are

1200°K 1500°K 2000°K
co ~-47,950 -58,400 -63,750
co ~95,900 -116,800 ~1%7,500

2
Data from:

(91) Kubaschewski, 0., and Evans, E.ILl.
Metallurgical Thermodynanics, Perganon Press, (1958).

(92) Wicks, C.E, and Black, F.E.
Thernodynanic Properties of 65 Elenents.
U.S.Burcau of Mines, B.605.

(93) Schick, H.L.
Thermodynamnics of Certain Refractory Conpounds.
Vol,2, icadenic Press (1966),

(94) Rery, L.
Treatise on Inorgenic Chemistry.  Longnans (1964).

Table A,3.1.

Zing _
Zn B.FPt. 11810K zn0 M,Pt 22480K

Free encrgics ;ZOOOK 1500°K 2000°K
Zn0 ~53%,400 ~45,100 -131,000

Reaction

e e - - .y

27m0—322n + 0, P, atn <10 9  o.x1077 4.1 x1074

2

Platinum M.Pt 1769°C. B.Pt 4100°C.

No 8Xide of Pt is stable in oxygen under 1 atn., pressure above
500%C.

Tin M,Pt. 232°. B.Pt. 2590°C. Yo stable oxides under
reaction conditions.



Table A,3.2. Boron,

B I.pt. 2050°C.

Free ener':ies

B203
BAFC
Reactions.

BQOBE_ By + 3/2 0,

13203 + 70—»—\;3340 + 6C0
228203

2B,0,+300—B,C + 700,

273

3203 + C—> 32 + 3Co

23203+ 30—%:32 + 3602
23203+ c ~—> B

BZO

46 + 302

3 + 300—%32 + 3002

+ 4C—>B,0 + 3602
r

*J

) 0
B203 B.Pt 2300-¢C

1200°%K
—234,000
- 12,750

8.2x107°

<1010
10

6

1.6x10"
3.4210°
<1071
<1077

<1073

1500°K
-219,300
- 12,500
<1021

1.5%107%

1.3%107 7
5.1x107 1
2t5X10—¢
3,0x107%
< 10720

<1073

266,

M.Pt. 450°¢C.

2000°K
~-195,000
- 12,200

< 10714

S 1072
1.9%1077
10
}

1.5x10"
4.0x10"
1,5%107"
< 10713
< 10716
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Table A.3.3, Silicon.

Si WM.Pt. 1413°C B.Pt. 2600°C.
Si0, M.Pt. 1900°K

2
Si¢  #.Pt. 2900°C.

51 formed when 8102 heated with charcoal will rapidly
volatilize as low ag 130000 in wvacuo, Carbide formed as low

as 160000, above 2200°C silicon evaporates away.

Free energies. 1200°K 1500°K 2000°k
510, ' ~158,450 ~146,100 -123,800
si0 - 10,700 - 10,200 - 9,200
Reactions.
Si0.-xSi + 0 P <10728 <1072 <1073
o —> o 0,
510, + 3¢ 381G + 200 P, 1.9%107° 4,1%107° 19
510, + 2038iC + €0,  Pu,  2.1x1070  7.6x1077  5,6x1077
2 -10 -10 ~10
810, + 400—>81C + 300, Py, <10 < 10 < 10
2 a -
510, + C-381 + €O, Py, <107t 3.3x107°  7,1x10°4
2 -26 -19 ~12
§10, + C—38iC + 0, P, <10 <10 <10
2 —
510, + 200—381 + 200, Py, 1.2x10711  <«10710 1.3%10™7
o
§10, + G =381 + 200 P 2.0x107° 7.3%1070 5.6
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Table -A..Ba‘q' » II'On-

Pe .Pt 1539°C.

Fe50,M.Pt 1376°

T 0
FeZOBL.Pt 1597-¢C

: 0
Fe,C M.Pt 1500°K  Metastable above 2000°K
Free energics 1200°K 1500°k 2000°K
Fey o5 O ~13,950 ~39,050 ~33,000
Feso4 -175,500 -154,000 -119,000
Te,05 ~122,800 ~105,4.00 ~ 76,000
Te 50 +200 +650 ~3,500
Reactions.
2Fe,05 -5 Te + 30, P, <1077 <10710 2.9x107°
- >
_ ~12 =8 -3
2F9203~w§ﬁeo.950+02 P02 <10 2.2x10 6.5x10
Fes0, -33Fe + 20, P, <10717 <107 11 3,1x107"
: >
Tes0, —6Te0 + 0, Py <1071° < 10710 4,2x107°
‘ 2 -16 ~11 -8
2FPe0 — 2Pe + O2 PO <10 <10 6.,1x10
o
SF0 + 40 —TesC + 300 Py, >1 5102 y10t
6Fe0 + C —32TFe,C + 300, Pn. 3102 x 10° 5107
3 2 Foo,
FeO + ¢ ~—Te + QO Pog 1 3107 107
2Pe0 + C—3Fe + 0O, Pao. 10 3 102 5107
o O ‘ _
5Fe0 +500-3TesC + 400, Py, 1.1x107°  3.6%x107%  1.6%x1078
2
FeO + O —>Fe + 00, Pag. 5.4x107°  4.0x107°  1.8x107°
o
Fes0, + C33Fe0 + 00 By, >1 >10° > 107
Pey05 + C-320e0 + 300 B 5100 >107 107



269.

Table A.3.4 (continued)

Reactions. . 1200°K  1500°K 2000°K
Fe;0, -+ 0O —33Fe0 + COZPCOQ/?CO 3.5 1.2 4.8
Fe,05 + C0—33Tc0+00, n 10° 5.4 60

The corresponding recactions 6-G for FeZO3 and FeBO4 also

give equilibrium pressures > 1 atm.,

Table i,3.5. Tungsten.

W. .Pt. 3380°C

WO5 M.Pt. 1473°C  Voletilises above 1750°C
WC Decomposes 2900°K

W0, M.Pt. 1543°x Decomposes 2125°K

2
Intermediate oxides exist.

Frec energies 1200°K 1500°K 2000°K
WO, ~129550 112850 ~88050
WO, - 87600 —~ 75400 ~54500
W - 7600 - 7100 ~ 6000

Reactions.

W0, —sW + O, P, <10717 <10710 1070

WO. + 3G —WC + 260 P2 310 ~10° 510t

2 co 2 T2 5
MO, + 3C —WC + 0O, Pop. D10 %10 $10
WO, + 30 —¥ + 200 Pag 5.7 5107 s10%

0. + G —3F + GO P 310 5107 s10%

2 e 02 -5 -6 <6
Mo, + 2007 + 20, Pooo  1.3x10 6.9%10 7.8x10
WO, + 4C0-WC + 30, PCOZ 1.2x10‘6 B.Ozclo”8 5.5%x10°
WO, + G —>WCE + 0 p_ 2 10t > 107 > 10°

2 2 05 ~15 ~10 -8
2W05— 270, + 0, PoS <10 <10 4 .6x10
70, — 27 + 3 0, P2 <107%? <0710 3.,8x10" 7



Table i.3.6.

Molybdenan.

Mo M.Pt. 2600°C

MoO3

MoO, M.Pt. 2500°K

Mo,C M.Pt. 2690°¢

B.Pt. 1100°C Sublimes around 790°C.

Various intermediate oxides exist.

Free Energies

MOOZ
MoO
Mo

3

5C

Reactions.

MOOZ-%MO + 02

2Mo0, + 3C —>1lo,C + 4CO
MoO, + 30 —>Mo,C+ 2C0,
MoO2 + C —> Mo + 2C0O
MoO, + C —> Mo + CO,
M002 + 2C00—>Mo + 2002
MoO, + 6CO —9M020+5002
2Mo0, + C —3Ho,C + 20,
21\’1003——921@002 + 02
2M003—}2Mb + 30,

Q Q Q Q O
O O O OoON

N

Q
o
n

o Q
=

“dOi‘d"d“d"d“d“d“d"d"d

1200°K

~87500
~109500
~1550

270,

Cautious heating

MoO2
1500°K 2000°K
~77000 ~60000
~98000 ~9Q000
~3000 ~5400
<1071t 2.8x10”
>10°  »10t
>10°  >10*
~v102 > 10t
102 >10°
4.9x107%  1.0x10”
4.1%x10°°%  6.3%x10”
<1070 4.3x10”
7.6x1077  4.3x10”
<1070 2 .8x10”

7

5
8
7
5
7



271.

Table L.3.7. Zirconium.

71 M.Pt. 2125°K.

Zr0, M.Pt. 2700°%.

7r¢  M.Pt. 353%0°C.

Free Energics 1200°K 15009k 2000°K
0, ~207400 ~19%900 -175000
771G - 45426 - 44718 - 43676

Reactions.

210, —3 Zr + 0, o, <1027 £107%® 410719
7r0, + 2C S7xC + CO Pag  9.7x1077  4.4x107° 2.2

870, + 0 —SIX0 + €0, gy 5.3%x10° 17 1.2x107°  1.1x107*
820, + 100 3230 + 300,  Pgo <107 <107t 471
Zr0, + C —>Zr + €O, Poo, <107 c10¥ <1079

Zr0, + C—32r + 200 Poy  <10710 2.1x107%  8.9x107?
Zr0, + ¢ —> ZrC + 0, %o, <1029 < 107?11 <0714
Zr0, + 200 37r + 200, Py, <107 <1077 <io7ld

no
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Table A.%.8. Uranium.
U M.Pt. 1130°¢ B.Pt. 3500°C
U0, .Pt. 2500°C
uc, .Pt. 2500°C

Other intermediate oxides are formed, but all reduce to UO2

on heating.

Vapour pressure of Uranium at 1900°C = 0.026 mn Hg.

Free energies 1200°K 1500°K 2000°K
U0, ~210000 ~196700 ~176000
Reactions
U0, —=U + 0 P - - 10719
p > 2 0, <
U0, + C—>U + GO, P - <107 1.4%1079
2 p) cO,
U0, + 20T + 200 Pug - <1072° < 10713
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APPENDIX 4,

Experimental results on UNTREATED filaments not in main text.
(Graphs are before the Tables.) R
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Table A.4.1. Oxidation of an untreated filament in oxygen
at 50 u pressure.

All reaction for 30 seconds. Filament No.27.

Run  1°C Initial  CO formed C0,/00 0y R x10°
Yo. Pressure ratio balande &3;5%0ns/
592 1100 50.4 8.9 0 99 2.7
593 1300 49.2 8.7 0.02 103 2.7
5944 1450 49.6 8.5 0,03 101 2.7
595 1560 48,9 6.8 0.04 102 2.1
596 1800 48.4 6.8 0,10 100 2.3
597 2000 50.6 6.4 0.16 98 2.2
598 1740 49,3 5.0 0.02 100 1.5
599 1440 49,7 8.4 0.08 103 2.1
600 1370 50,7 12.3 0,04 108 3.9
601 1230 49.7 16.0 0 107 4.9
602 1000 48,5 9.1 0 102 2.7
603 1000 48,7 7.2 0 102 2.2
604 1260 50.9 10.1 0.02 102 3.1
605 1380 49.4 10.2 0.04 101 3.2
606 1520 50,2 7.8 0 101 2.4
607 1600 49.6 8.0 0,06 102 2.6
608 1700 51,3 6.4 0.06 100 2.1
609 2000 48.1 6.4 0.14 99 2,3
610 1700 50.2 5.1 0.14 101 1.7
611 1440 51,2 9.5 0.04 103 3.0
612 1440 50,0 9.2 0.03 105 2.5
613 1300 48.8 112.5 0,02 106 3.9
614 1150 49.0 11.2 0.04 108 3.6
615 950 50,0 6.8 0 101 2.1
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Table A.4.2. Oxidation of an untreated filament in oxygen at

50 p1 pressure. Reproducibility.
Filament No.25. ’
Run T°C Initial CO formed  C0,/CO 0, R o
No. pressure il ratio balance x10

M
557 1000 47,0 5.7 0.35 100 2.34
558 1190 50.1 10.2 0. 98 3,10
559 1340 49,3 10.7 0.04 97 3.37
560 1560 49.9 8.8 0.02 99 2.73
561 1760 49.5 5.5 0.09 95 1.83
562 2000 47,2 7.0 0.06 91 2.25
563 1760 47.2 3.8 0.10 98 1.27
564 1600 50.1 4.4 0.02 98 1.37
565 1380 50.5 12.6 0.01 99 3.89
566 1190 49.7 20.4 0 102 6.20
567 980 50.0 9.6 0.04 08 2.98
Filament Np.26
568 1000 50.0 10.0 0.04 96 3.16
569 1170 49.2 9.0 0.04 93 2.86
570 1400 50.2 6.7 0 104 2.04
571 1540 53.6 7.1 0 - 106 2.1
572 1480 48,6 7.8 0.04 100 2.5
573 1670 50.0 7.3 0.11 101 2.4
574 2000 51.5 6.9 0.04 95 2,2
575 1770 51.0 5.2 0.29 103 2.0
576 1500 49,6 9.3 0.03 100 2.9
577 1300 49,7 16.5 0.02 103 5.1
578 1150 51,1 15,9 0,02 106 4.9
579 950  50.3 6. 0.14 101 2.2

S
S

A1l reaction for 30 seconds except Run 573 where reaction
was for 40 seconds,



Table L.4.35,

Oxidation of an untreated filament in

50 u of oxygen.

Al]1 reaction for 30 seconds.

Run
No.

853
854
855
856
857
858
859
860
861
862

7%,

1440
1540
1670
1760
1870
2030
1850
1690
1550
1440

Initial
Pressure
M

50.2
52.0
50.4
49.3
51.2
50.4
50.9
49.6
48.8
49.3

CO formed

277

Filament Ngp.43

coz/co
ratio

0.03
0.06
0.05
0,03
0.09
0.10
0.09
0

0.02
0,02

Oxygen
balance

99
95

101
96
99
98
98
99
99
97

R x10

5.89
3,28
2.98
2.%4
2.28
2.71
2,10
1.79
2,77
5.23
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Table A.4.4. Oxidation of an untreated filament in

oxygen 150/&. FPilament No.4
Run T°C Sces. Initial Pressure C€0,/CO Oxygen R x10°
No. reaction péifsure (610) f?rmed ratio balance
38 1250 60 171.5 67.0 0.04 96 10.2
39 1250 60 147.5 59.0 0.02 98 8.97
40 900 60 187.5 11.8 0,50 108 1.98
43 1000 480 136.5 87.0 0.06 99 1.66
44 1100 240 172.0 76.0 0.04 100 2.89
46 1200 30 124 .5 32.5 0,10 100 9.89
48 1300 60 129.5 80.0 0.03 100 12,2
49 1400 60 162.5 104 0.02 101 15.9
50 1500 30 150.0 42 0,10 105 12.8
51 1600 30 152.5 39 0.13 109 11.9
52 1700 30 141.0 41 0.06 104 12.5
53 1800 30 141.5 41.5 0.08 98 12.6
54 1700 30 141.5 58 0.06 101 17.6
55 1600 30 128.0 70 0.03 97 21,3
56 1500 30 155.,0 77 0.05 99 23.4
57 1400 15 156.5 59 0,07 102 35.9
58 1300 30 160.5 115.5 0,03 101 35.1
59 1200 30 165,0 118.5 0.01 93 36.0
60 1100 30 150.5 105 0.03 99 31.9
61 1000 30 161.0 26.5 0.02 104 8.06
62 1300 30 155.0 140 0.02 98 42,6

63 1300 30 147.5 108 0.02 101 32.8



Table A.4.5.

Oxidation of an untreated filament in

oxygen at 5u pressure.
rd

Filanent No.43.

Run
No.

886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903

mn%q

840

890
1000
1120
1300
1400
1500
1660
1940
1940
1740
1580
1410
1260
1100
1010

950

940

Initial

Pressure
M
4,86
4.96
4.90
5.07
5.10
5.07
4.68
4,88
5.06
4,84
5.03
4.90
5.14
4.78
4.80
5.18
4.T4
4,96

CO formed

M

0.27
0.42
0.92
2.29
1.55
0.80
0.39
0.63
1.17
1.03
0.32
0.19
0.45
0.81
1.97
1,51
0.43
0.57

coz/co
ratio

0.11
0.28
0.05
0.04
0
0.14
0.69
0.38
0.69
0.36
1.1
0.74
0.38
0.36
0.0
0.01
0
0.17

0o
balance

100
100

97

98
100

96
102
101
107
104
104
101

Reaction for 1 min. except Runs 888,889 for 2 nmins.,

887 for 10 nins, and 886 for 5 nmins.
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R x10%°

0.91
0.82
7.4
18.3
23.5
13.8
10.0
13.2
30.1
21.3
10.0
5.0
9.4
16.7
32,1
25.2
8.5
12.1
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Table ..,4.6. Average rates at different temperatures and
pressures.

2 .
Rates as gr. atom / on“ . sec.

7°¢ 0.65n 5 u 20m 50m L 5060n

900  3.56x10710  _ - - -
1000  5.65 1.50x1079 4.22x1079 2.67x1078  0.45x1077
1100  5.80 2,40 7.24 3.58 1,72
1200 3.56 2.42 7.94 3.84 2.25
1300  2.08 1.87 6.46 .76 2.52
1400  1.70 1,05 5,07 3,09 2.45
1500  1.59 0.75 4.00 2,42 1,97
1600  1.29 0.80 3 AT 2,02 1.65
1700  1.50 1.11 2,92 1.82 1,45
1800 - 1.2% 2.69 1.80 1.25
1900 - 2,02 2.58 1.99 -
2000 - 3,00 2.55 2,32 -

O.6§p results from Graph 8, Duval? 20n results from Strickland
Constable?
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Table 1.4.7. Oxidation of an untreated filamenisin oxygen
2t Sy pressure with low burn off.
Vd

Filanent No.51.

Run No. 7°¢ Tnitial GO0 pressure R x 10°
pressure Pt
)1
1077 2000 52,2 1.2 2.19
1078 1960 51.3 0.5 0.91
1079 1815 47.6 1.0 1.83
1080 1660 51,4 0.8 1.46
1081 1630 46,7 0.9 1,65
1082 1600 50.4 2.1 3,83
1083 1450 18.0 1.4 2,56
1084 1250 - 18.5 3.8 6.93%
1085 1140 48.6 5.3 9.67
1086 1050 18.6 9.5 8.20
1087 950 50,7 1.0 1,83
1088 950 19.8 0.8 1.46
1089 1060 48,7 1.6 2,92
1090 1220 49.7 2.3 4,20
1091 1260 50.8 2.4 4.%
1092 1340 £9.0 1.8 3,29
1093 1420 49.2 1.8 3,29
1094 1530 49.5 2,0 3.65
1095 1610 47.4 1.8 3,29
1096 1730 48.8 1.2 2,19
1097 1830 48.6 1.5 2,74
1098 2065 49,2 2.8 5,11

A1l reaction for 5 seconds,

After Run 1087 the filenment was burnt twice for 2 mins. in
50n of oxygen at 930°¢.
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Table A.4.8., Oxidation of a 0014 pyrolytic carbon
filament at 50u in oxygen.
4

Filament No.48.

Run  T°C  Initisl CO formed  CO0,/CO 0, R x108
No. Pregsure P ratio balance
/u

1044 930 51.4 4.8 1.0 107 0.73
1050 1010 50.8 8.6 0.51 104 1.97
1051 1140 50,2 17.8 0.27 103 3.4%
1052 1270 52,0 14,5 0.12 102 1.95
1053 1340 51,2 13.4 . 0.19 102 1.8%
1054 1500 50.0 10.6 0.21 101 3,68
1055 1580 50.7 10.0 0.21 100 3.68
1056 1600 49.3 10.2 0.15 100 3.55
1057 1720 51.0 9.6 0.16 101 3,37
1058 1830 50.6 8.6 0.31 103 3.43
1059 2000 54,0 12.6 0.18 105 3,89
1060 2000 54,0 8.8 0.24 102 3,31
1061 2000 51.6 8.6 0.01 102 3,16
1062 2000 52.6 9.0 0.19 102 3.25
1063 1860 51.5 9.6 0.08 101 3,16
1064 1990 47.0 10.8 0.07 100 3.53
1065 1680 49.5 13.7 0.11 100 4,62
1066 1580 50.0 15.7 0.04 100 4.99
1067 1440 50,8 16.8 0.05 102 5.3%8
1068 1300 52,1 17.3% 0.01 101 5,29
1069 1160 50.5 11.9 0.09 103 3,95
1070 1020 50.0 8.5 0.11 100 2.86

1071 980 52.8 5.8 0.21 103 2.16



Table L.4.9.
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Rete~temperature runs in 50u pressure of NZQ’

Pilament Ng.45.

Run No.

971
972
973
974
975
976
977
978
979
980
981
982
983%
984
985
986
987

All reaction for 120 sceconds,

90

2010
1800
1680
1590
1460
1320
1200
1110

950
1080
1210
1420
1310
1560
1700
1800
2010

Initial
Pressure

P
46,2
46,0
48.0
18.4
50.2
50.0
417.6
48.0
50.0
49.0
48,6
48.6
47.0
16.3
15.2
47.6
48.6

Pressur
co + N

b

L] . ¢ s s & & & s & 2
= O W W 9 R AR OO R O 00O WA

L] .

S W N R R O R R R R NN R DD DWW

e
2

7

R x 102

1.03
0.68
0.61
0.55
0.65
0.69
0.55
0.45
0.35
0.45
0.65
0.65
0.51
0.58
0.68
0.93
1.39
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Table A,4,10, Rate-temperature runs in 59p pressure of NQQ.
Filanent No.43. Pilament previously reacted in oxygen.
Run 790 Seconds Initial Pressure R x 109
No. reaction pressure CO + N2

Ve M
915 2010 60 50.1 5.7 2.81
916 2010 60 48,0 2.4 1.75
917 2010 60 48,0 2.6 1.90
918 2010 60 54.0 2.8 2,28
919 2010 60 46.0 2.9 2.05
920 1800 60 52.4 2.2 1.75
921 1800 120 48.9 3.5 1.29
922 1800 _ 184 3.5 1.29
923 1650 48.6 2.8 1.03
924 1650 50.2 2.6 0.99
925 1550 50.8 3.1 1.21
926 1550 47.6 2.2 0.80
927 1350 49.8 1.9 0.72
928 1350 51.8 3.7 145
929 1350 49.8 2,1 0.80
930 1200 | 55,0 3.6 1.52
931 1200 53.4 4.2 1.50
932 1200 48.0 5.0 1.83
933 1000 46.0 2,1 0.65
934 1000 46 .4 1.7 0.61
955 1160 48.0 2.2 0.70
936 1190 17.6 3.0 1.07
937 1190 A7.0 2.2 0.83
938 1190 19.4 3.0 1.14
939 1400 46 .4 3.1 1.18
940 1400 47 .4 543 1.25
941 1500 46,2 2.5 0,95
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Table A.4.10 (continued),

Run No. 7°¢. Seconds Initial Pressure R x 109
reaction pressure CO + N2
M P
942 1500 47 A 245 0.95
943 1640 AT7.6 3.1 1.18
944 1640 ' 49,0 3.0 1.14
945 1800 51.0 4.6 1.775
946 1800 48.4 5.1 1.94
9A'7 1800 418.6 5.0 1.90
948 2050 47.8 5.1 1.94
949 2050 47.6 4.9 1.86
950 2050 49.0 5.2 1.97
951 1960 47.0 3.1 1.18
952 1780 46.2 2.7 1.03
953 1630 18.0 2.7 1.03
954 1520 16,0 2.3 0.87
955 1370 47 .4 2.3 0.87
956 1320 47.0 2.2 0.83
957 1190 4'7.0 1.9 0.72
958 1090 47.6 1.6 0.61

959 950 A7 .4 1.4 0.53



Table -A. 04 » 11 .
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Duval type hysteresis curves for resaction

Filament No.43.

in oxy-gen at 50u pressurec.
P4

Filament initially reacted for a total of 15 mins at 910°%¢.

Run T°C. Secs. Initial Pressure COZ/CO Oxygen RX108 Total

No. react pressurc Cco ratio belance burn off
M M x107
842 910 120 18.8 7.2 0.01 102 0.55 -
843 1530 15 49.2 3.2 0 98 1.95 2,92
844 1530 15 50,2 2.8 0 98 1,70 547
845 1530 30 49.9 5.0 0 99 1.52 10.7
846 1530 30 51.4 7.2 0 98 2.19 16,6
847 1530 30 50,/ 10.2 0 97 3.10 25.9
848 1530 30 50,2 10.9 0.04 99 3.43 36,2
849 1530 30 51.4 12.6 0.02 97 3.89 47.9
850 1530 30 51,0 1%.2 0.04 98 4,17 60.4
851 1530 30 51.0 13,7 0.08 97 4,50 73.9
852 1530 30 52 .4 14.0 0.05 97 4,47 87.3
Filament reacted for a total of 10 mins at 930°C
863 960 180 46.8 12,0 0.07 98 0.65 -
864 1350 15 48,0 4.3 0.12 99 2.92 4.4
865 " " 48,8 5.4 0.08 98 3.53% 9.7
g66 v " 48.6 6.2 0.03 98 3.89 15.5
867 ® n 49.8 6.9 0.04 98 4,38 22,1
ges M L 49.7 7.8 0.08 98 5.11 29,7
869 L 48.0 7.6 0.01 98 4,69 %6.8
870 " L - 49.4 8.% 0.04 98 5.2% 44,6
871 " n 50.4 8.3 0 98 5.05 52.2
872 i n 52.0 8.8 0.01 98 5:41 60,3
873 * " 48.8 8.4 0.01 98 5.17 68.1
874 " " 49.2 8.6 0 98 5.23  75.9
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Table A:4:11 (continued)

Run fOg Seés; ,Initial Pressure COZ/CO Oxygen RXlOB Total
No. react Pressure CO ratio Pelance burn

M , off x

107;

875 1680 15 50.8 5.6 0 96 3:.41 81,1
876 " L 50.9 4.8 0,08 97. 3.16 85,8
877 n 0 51 .4 5.0 0 99- 3,04 90.1
878 " f 49,6 Iid 0.09 107 2:92 9435
879 i " 48,6 4.5 0.02 98 2,80 98,7
8go " 0 48.8 5.2 0 96 3,16 103.4
g1 " 50.8 4,9 0.04 99 3,16 108,1
gg2 ¥ n 52,2 5.0 0.08 98 3.29 113;1
ggz o L 494 4.9 0406 99 3,16 117:8
1 L 5247 540 0:04 98 3,16 1226



Table A.4.12,

Duval type hysteresis curves in oxygen

Filament No.b54.

Run
No.

1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192

Filament heated in

1193
1194
1195
1196
1197
1198
1199

m°¢

1750

1100

1100

secs.

at 50 u,

New pyrolytic filament,

Initial Pressure

react Pressure
/u.

50

15

15

49,2
51.2
52.3
52.0
51.7
51.4
49.6
51.2
52.6
51.6
52.5
51.8
19.8
51.2
52.2
50.8
49.6
52.2

vacuun at

50.8
19.5
50.0
50.6
49.2
50.5
50.6

Co R

N
« s . e s .

B R BN

JEEN
N
.

. . >

-~ O U1 O U O > U1 OV W
L 3

(o))
o
N

002/00

ratio
0.34
0.24
0.26
0.17
0.05
0,02
0
0.02
0.07
0.03
0
0.06
0.09
0.09
0.12
0
0
0

288,

Oxygen RX108 Total

balance

100
100
101
101
100
100
101
101
101
98
97
100
100
100
98
97
98
S9

1100°C for 2 nins.

5.0

NN U o oV
- k) . .
W O S~ & U o

0.08
0

0.01
0

0.11
0.10
0.13

100

99
100
100
100
100
100

1.15
1.25
1.46
1.453
1.34
1,43
7.60
5.84
3.95

- 3.65

2,61
4,20
377
4.26
4.01
5.65
4.38
3.77

3.28
.41
4.01
3.28
3.65
1.02
1475

burn off
x107
34T

7.2
11.6
15.9
19.9
24,2
35.6
4443
50.3
55.8
59.7
66.0
71.6
78.0
84.1
89.5
96.1
101.8

106.7
111.8
117.8
122.8
128,2
130.2
132.6
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Table 4,4.12 (continued)
Run  1°C secs  Initial Pressure C0,/00 Oxygen Rx10° Total

No. recact pressure CO . balance bury off
n M ratio XlOQ

Filament heated in vacuun at 175000 for a total of 5 mins.

1200 1100 5 48.1 1.2 0 102 2.19  133.7
1201 51,4 2.6 0 99  4.75  136.1
1202 52,0 2.0 0.10 100  3.65 137.9
1203 53.0 2.9 0.17 99  6.21  141.0
1204 1440 10 19.6 3.5 0 99 3.19  144.2
1205 5044 4.5 0 99  4.11  148.3
1206 51.4 4.0 0.17 100  4.23  152.6
1207 50.2 5.0 0 99 4.56  157,2
1208 50.8 4.6 0 97  4.20  161.4
1209 . 50.0 4.2 0.14 100  4.38  165.7
1210 50,5 4.8 0.10 100  4.8%  170.6
1211 51,0 5.4 0.03 100  5.38  176.0
1212 51.6 5.7 0.03 99  5.38  181,3
1213 51.7 5.8 0.05 100  5.57 186.9
1214 52.3 5.0 0.10 100  5.02  191.9
1215 1750 30 49.3 5.1 0.14 102  1.76  197.2
1216 47.6 5.8 0 100 1.76  202.5
1217 51.6 5.9 0 99 1.79  207.9
1218 50.0 5.6 0.05 101  1.79  203.3
1219 1380 10 45.2 6.2 0.03 100  5.84 219.1
1220 48.5 8.6 0.05 100  8.21  227.3
1221 50.0, 8.2 0.02 100  7.67  235.3
1222 50.0 7.3 0 100 6.66  241.7
1223 50.2 5.9 0.03 100  5.57  247.2
1224 49.0 5.2 0.06 100 5,02  252.2
1225 51.1 5.7 0.02 100  5.29  257.6
1226 51.2 5.3 0 99  4.84  262.0
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Table A,4.12 (continued)

Run 190 secs, Initial Pressure C02/CO Oxygen RX108 Total

No. reacdb. pisssure CO n ratio balance 2%89 off
1227 1380 10 48,8 5.4 0.13 101 5.57 268 .0
1228 50.2 5.6 0.11 101 5.66 273.6
1229 1000 10 50.0 3.3 0.18 101 3.56 277.2
1230 49.7 3.9 0 98 3.56 280.7
1231 52,0 3.5 0.03 101 3.29 284.0
1232 51.0 3.5 0.03 99 3.29 287.3



Table A.4.13.

Run
Nao.

1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1279
1278

Reaction at 85OOC
980°¢
1225%%
1290°¢

Q

T C

850

980

1225

1290

Initial
bressure
/\A

19.2
50,5
50.5
52.0
49.4
51.0
52,7
50.9
50.7
52.6
53.2
53.0
50.0
51.3
51.2
50.9
19.7
52,7
50,2
51.3
51,6
51.0
52.0
51.3
51.7
51,0
51.6

Pressure

co b

L] L] » L] L] - - * L ] L ]

L4

A1 O U N0 OW 010 0 W=V oNu g0~

W 1 N9 2OV WOWWOWWOW W O U O]~ U Ul U =00
L) *

®» ® W
= W R

for 4 nins.
for 1 nin.
for 20 secs.
for 15 secs

coz/co
ratio

0.09
0.03
0.22
0.53
0.33
0.12
0.04
0.03
0.03
0.09
0.06
0.04
0.03
0.02
0.09
0.03
0.04
0.08
0.04
0.05
0

0

0.07
0.02
0.04
0.02
0.02

Oxygen
balance

98
100
100
100
100

99

99

99
100
101

99

99
100
100
101

99
100
100
100
101

97

99
100

98

98
100

95

Rx10

0.099
0.034
0.084
0.087
0.076
0.882
0.866
0.897
0.988
1.15
1.12
1.06
3.19
3.88
AT
4.20
4.38
4.65

L] -

1) B B T R
= O 0 O DUl

(%)}
L]

[
~J

5.05
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Total
burn 7
off x10

1.19
2.01
4.02
6.11
7.94

13.23
18.44
23,82
29.95
36.69
13,44
19.83
55.31
6%.07
72,01
80.41
89.17
98.48

107.52

116.55

122,94

129.97

137.18

141,75

152,42

160.18

167.75
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Table 4,4,13 (continued)

Run T°C Initial  Pressure 002/00 Oxygen Rx10° Total burn
No. pressure  CO n ratio belance off x107
P!

1279 1440 50.6 6.0 0.13 101 4,14 173.96
1280 50.8 6.7 0.07 99 4,38 180.53
1081 50.2 6.5 0.06 99 4,20 186.8%
1282 51.8 Ta7 0.05 100 4.93 194 .22
1283 50.5 8.0 0.04 99 5.05 201,80
1284 51.6 7.8 0.03 99 487 209,10
1285 1500 51.8 6.9 0 98 4,20 215,40
1286 51.1 6.7 0.10 100 4 .50 222.15
1287 51.3 7.0 0.03 98 4.38 228.54
1288 49,8 6.8 0.10 100 4.56 235,38
1289 50.0 6.0 0.05 98 3.83 241,13
1290 50.8 6.5 0.14 100 4.50 247 .89
1291 1550 49.7 4.7 0.19 100 3.35 252.91
1292 50..4 4.6 0.17 100 3.28 257 .84
1293 50.6 5.0 0.12 101 3,47 263,04
1294 19.5 1.8 0.08 100 3.16 267.79
1295 50.4 A7 0.28 101 3,65 273.26
1286 1720 50.5 1.4 0.18 101 3,16 278,01
1297 51.0 3.3 0.26 101 2.92 282 .39
1298 51.2 4a2 0.14 100 2.92 286.77
1299 51.2 3.8 0,10 100 2.55 290.60
1300 50.7 37 0.13 100 2.55 294 .44
1301 50.8 4.2 0.10 101 2.80 298.63
1302 50.7 4.4 0.14 101 3 .04 303.20
1303 50.3 4.5 0.13 100 %.10 306.03
1304 50,7 4.5 0.15 100 3,10 310.77
1305 50,7 - 0.14 101 3404 312434
1306 1850 51.3 478 0.11 100 2.98 319 .81
1307 50.9 4.4 0 100 2.68 323%.83

A1l reaction for 15 secs.



Run
NO.

1308
1309
1%10
1311
1%12
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
13273
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338

Table A.4.,13 (continued)

90

1850

1660

1520

1330

Initial
pressure

P
50.6

50.7
51.3
50.5
50.3
51.0
51.4
51.1
50.2
50.4
50.2
50.5
51.3
50.4
51.8
50.8
50.5
51.7
50.7
51.7
51.5
50.5
51.0
51.0
19.5
50.6
51.7
50.4
50.7
19.6
49,7

Pressure GOZ/GO Oxyzen R X108

Cco n ratio balance
3.7 0.05 100 2437
3.9 0.20 101 2.86
A.0 0.25 101 2.28
3.7 0.19 100 2.68
4.2 0.10 100 2,80
ta.1 0 99 2.49
4.0 0.10 100 2.68
3.8 0.10 99 2.55
4.0 0.15 100 2.80
3.6 0.11 101 2.43%
1.5 0,09 100 2.98
5.1 0.10 100 3435
5.1 0.08 100 3.35
5.3 0.09 100 3.5%
5.3 0.07 100 347
4.5 0.22 101 3.35
4.4 0.11 101 3,47
7.6 0.05 100 4.87
8.1 0.09 99 5.35
7.3 0.11 100 5.29
745 0.12 100 5.11
7.3 0.03 100 1.56
7.1 0.08 100 1.68
6.1 0.11 100 1.14
6.2 0.11 100 4.20
6.2 0.13 100 4,26
6.0 ©0.12 100 4,08
10.8 0 100 607
1045 0.08 100 6.87
8,2 0.08 101 5.41
7.9 0.08 100 5.17

293.

Totael burn
off x107

32°7.38
331.67
326.24
340.25
344 .45
348,19
352.21
356,04
360.24
363,89
368,37
373.37
378.40
383,70
388.90
39% .92
399.12
106,42
A1l 46
422 .40
430.06
436,91
413493
150.14
156 .64
4162.83%
468.94
478,80
489,12
49°7.24
505,00



2%,

Table 4.,4.1% (continued)

Run 1°¢ Initial Pressure COZ/CO Oxygen RX108 Total

No. Priisure CoO n ratio balance bi§g7off
1339 1330 51.6 77 0.08 - 100 5.05 512.57
1340 52.0 7.8 0.05 100 41.99 520,06
1341 51.0 7.8 0.08 101 5.11 527.72
1342 50.4 7.1 0.04 100 4,50 534.48
1343 50.0 8.0 0.04 100 5.05 542.05
1344 1180 51.0 9.8 0.05 99 6.26 551.45
1345 51.4 8.0 0.05 100 5.11 559.12
1346 50,8 7.2 0.08 99 4.74 566,24
1347 49.3 6.0 0.08 99 3.95 572.17
1348 50.5 7.7 0 99 4.68 579.20
1349 49.8 Te2 0.10 100 4,80 586.41
1350 50.4 7.5 0.05 100 1.80 593.62
1351 49.0 7.1 0.03 99 1.44 600.28
1352 50.2 7.3 0.04 99 4.62 607.22
1353 50.0 1.3 0.08 101 4.80 614.43
1354 980 49.2 2.2 0 99 0.669 616,44
1355 48,7 2.5 0.08 100 0.821 618.90
1356 4857 2.7 0.11 100 0,903 621.64
1357 49.6 3.6 0.17 100 1.28 625.47
1358 50.2 5.6 0,11 101 1.89 63%1.13
1359 4943 7.0 0.04 99 2.22 637.79
1360 50.6 6.6 0.06 100 2.1%3 644,18
1361 50.4 6.3 0.02 100 1.95 '650.02
1362 50,2 7.0 0.06 99 2.28 656.78
1363 51.5 7.6 0,13 1100 2,62 664,6%
1364 48,6 7.1 0.01 99 2.19 671.20
1365 50.6 8.7 0.08 99 2.86 679.78

Runs 1340-135% vreaction for 15 secs.
1%354-1365 reaction for 30 secs.
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Table fi.4.14. Effect of increase burn off on rate of

reaction in N,0.

Filament 43. Previously reancted in oxygen, and degassed at
at 1800°¢ by prolonged heating in vacuun.

Run  T°C  Tnitial Pressure R x10%° Tota] burn off
No. pressure CO + N2 x 10

» s
904 950 47 .4 1.4 5.32
905 1800 48.0 4.8 %465 2.19
906 50.0 3.9 2.81 3.97
907 47 .4 3.1 2435 5.3%
908 A7.0 3.0 2.28 6.75
909 45.2 3.7 2.81 8 .44
910 46.0 2.8 2.13 9,72
911 46,4 2.5 1.90 10.86
912 16.4 2.6 1.97 12,05
913 46.0 2.2 1,67 13,05
914 24,8 2.3 1,775 14.10

A1l reaction for 60 seoonds'except run 904 where reaction was
for 120 seconds.

Filament No.43. PFreshly coated, last treatment degassing at
2000°¢.

A1l reaction at 1960°C for 2 minutes.

Run No. Initial Pressure CO+1\T2 R XlOlO Total7burn off
pregsure o x 10
1004 46.0 1.7 6.1 0.73
1005 50.0 1.7 6.5 1.51
1006 50.6 1.5 5.7 2.19
1007 49.2 1.4 5.3 2,83
1008 48,0 1.7 6.1 3.56
1009 49.0 1.6 6.1 1.29
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Table A.4.15. Duval type hysteresis for CCl4 pyrolytic

carbon filament,

Filament burnt in BQu of oxygen for 3 x 1 min. at 98006
following Run 1071.

Run  Initial  CO pressure C0,/CO Oxygen R x10° Total
No pressure n . balance burn_off
n J ratio % 107
1072 50,8 6.0 0.17 100 4,27 6.39
1073 51.5 1.3 0.05 100 1.69 13.41
1074 b33 7.5 0.12 101 4.93 20,81
1075 50.7 T 0.11 100 1.99 28.29
1076 4’900 7¢Ar 0.10 100 ‘41'-93 35 069

A11 reaction for 15 seconds at 1550°Q.
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Table AL.4,16 Effect of burning in oxygen then in Nitrous

Oxide.
Filament 43. Last burnt in N,0 at 2010°¢,
Reaction in oxygen at 1220°C for 60 seconds.

Run  Initial  Pressure COZ/CO Rx10°  Total Oxygen

No. proiiure co M ratio gg§n7 balence
x 10
988 52.6 23.6 0 3.05 5.75 103
989 50.6 21.2 0 2.75 10.59 102
990 51.4 22,0 0 2.85 16,06 102
991 51.2 21.5 0 2,78 21 .45 102
992 50.8 20,2 0 2.61 21,56 102
993 50.0 19.0 0] 2.6 31.57 101
994 51.8 21.0 0 2.71 35.69 101
995 49,6 20.0 0 2.59 40,61 102

Reaction in N2O for 120 seconds

Run Initial Co + N2 pressure R XlO9 Tota% burn off

No. prﬁiﬁure u x 10
996 18 .4 1.6 0.51 0.727
997 18.8 1.5 0.49 9.41
998 53.2 2.8 0.91 2.69
999 45,2 1.6 0.51 342
1000 48,0 1.5 0.49 1.11

Filament burnt for & total of 210 nin. in approx. 5QP of N2O
8.73 x 107° g. atoms / cm® epprox. burnoff. *
1001 45,0 2.8 0.91

Filament burnt for a total of 120 min. in approx 50u of NZO
6.63 x 10 =2 g. atoms / cm2 approx. burnoff. ¥
1002 19.3 2.G 0.93

* egtimated.



Table .A. 04 . 17 .

298 .,

Bffect on reaction of alternatively

burning filament in O, and N,0.

Pilament No.52.

- Run Initial  Pressure CO0,/CO Oxygen

No. Dpressure 1010) » ratio balance
A

1099 53 .8 23 .4 0.08 101
1100 51.3 1%.1 0.12 101
1101 A7.1 - -

1102 5444 13.6 0.21 99
1103 54.0 12.6 0.33 102
1104 193 12.3 0.39 103
1105 5245 12,7 0.39 101
1106 53.5 9.3 0.45 101
1107 5447 12.4 0.35 101
1108 48.8 13.2 0.26 100
1109 49.5 14.0 0.23 100
1110 A7 .6 13.8 0.19 100
1111 49.4 11.8 0.24 100
1112 48,2 13.9 0,24 101
1113 52,2 15.0 0.23 100
1114 53.3 8.4 0.23 97
1115 52.2 12.6 0.23 98
1116 51.2 12.2 0.26 101
1117 52.8 12.8 0,17 100
1118 51.3 11.6 0.31 100
1119 51.3 11,2 0.34 100

Rx10°

1.91
1.12
1.14
1.25
1.27
1.30
1.34

4.11
5.11
5.05
5.23
4.99
5.56
5.26
5.59

1.57
2.35
2.34
2.28
2.31
2.28

Total
burn off
x 107
2%.0
36 o4
50.1 0
65.1 5
80 o4‘
96,0
112.1

nins,
at 970°C.

124 .4

139.7

154.9 0,

170.6 30 secs.
185.5 at 1300°C.
203.3

218.0

234 .8

2452

258.4 0,

272 .4 60 secs.
286.1 at 960°C
300.0

313 .7



Table A.4.17 (continued)

Run

No.

1120
1121
1122
1123
1124
1125
1126
1127
1128

1129
1130
1131
1132
1133
1134
1135
1136
1137

Run
No

1138
1139
1140
1141
1142
1143
1144

Initial

prggsure
A7.6
46.2
50.2
473
46.7
46,8
4T3
A7.0
46,6

46.5
47.2
46.0
47.2
47.3
50.8
48.6
19.4
1743

Initial CO pressure

pres:sure
A

51.8
49.8
50.8
53 .4
53.0
52.0
53.6

Al

1.76
1.44
1.51
1.44
1.61
1.72
1.70
1.61
1.64

1.38
2,01
1.53
1.63
1.45
1.55
1.41
1.67
1.68

M

11.8
13.4
16,1
17.0

16.4

164
16.5

CO+N2 pressure

C0,/C0 Oxygen
balance

ratio

0.02
0.03
0.01
0.01
0.02
0.02
0

Rx1070

6.67
5.47
5.74
5.47
6.12
6.53
6.46
6.12
6.23

4.19
6.11
4.65
4.95
1.41
4.71
4.29
5.07
5.11

99
101
99
99
100
100

95

Total b
off x10
315.28
316,61
317.98
319.29
320,77
322 .33
323.89
325.35
326.85

328,11
329.95
331,34
332,83
334 .15
335.57
3%6 .85
338.35
337.89

Rx10

3.65
4,19
4.95
5.20
5.11
5.11
5.01

218,

1}1‘1’1

NQO
4 nins,

at 1300°¢

N.0
5 nins.
at 970%¢

8

Total
burn 7
offx10

350,9

363.4

378.3 0,
393.9 30 sec
109.3 at

424 .6  1300°C

4£39.7



Table A.4.17(continued)

Run
No.

1145
1146
1147
1148
1149
1150
1151

1152
1153
1154
1155
1156
1157
1158
1159
1160

Run
No.

1161
1162
1163
1164
1165
1166
1167
1168

Initial
pressure

)l

50.8

50.0

AT7.5
47.0
48 .3
51.0
52.9

50.4
48,5
16.3
ATaT
17.0
47.5
52.5
46.0
AT A

Initial
pressure

/}l

51.1
52.9
50.7
50.8
51.3
19.6
51.8
50.7

COQ+1\T2 pressure

./u
1.60
1.29
1.34
1.27
1.43
1.53
1.48

2.78
2,40
2.25
2.48
2.39
2.2%
2.45
2.22
2.29

Pressure

CO n
Vi

15.4
16.7
16.6
16,2
17.7
15.6
16.3
16 .4

R x1079 motal

4.
5
4.
5.
=

4.,
4.

10.
9.
8.
9.
9.
8.
9.
8.
8.

b
X

87

g2

o7

86

35

62

50

57
12
57
A%
08
47
31
43
70

00,/C0 Oxygen Rx10
balance

ratio

0.01
0.01
0.01
0

0.01
0.04
0.01
0.01

100
100
100
101

93
101
102
100

A Th
5.14
5,07
5,05
544
,.4,_ o 9'5
5,01
5,05

urn_off
107
441.10
AM2.28
443.50
444,66
445,97
447,36
448,71

451.25
45% .44
455.49
457.76
459.99
461.97
4164.21
166.23
168,33

8 rotal

burn
off x
107

A82.5
498.0
513.2
528.4
541,77
559.5
57+.5
589.7

300,

N,0

5 mins.
at
970°¢

NQO
4 mins
at
1300°¢

Oy

30 secs
at
1300°¢
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Table A.4.17 (continued)

Run  Initial CO + N, pressure R x1010 Total

No. pressure 2u burn,off

P . x 107
1169 48,0 2.31 8.78  591.82
1170 49.3 2.47 9.39 594.07  N,0
1171 48,1 2.21 8.40 5986.09 4 mins
1172 48.0 2.35 8.93 598.23 at
1173 47,0 2,31 8.75 600,34  1300°C

1174 47.2 2.31 8.75 602 .45



Table .1,18

Run
No.

At 9ggfg 411 reaction for 2 minutes except 1413 for

1113
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
14‘ 34‘
1435

S

00 1 2 2 Ty D 2 2 2 12 2 tTh T T2 Th th 2 w2

(2N €9 BN A.

Initial
pPressure

,}1

51.8
52,6
52,6
52,2
52,0
52.8
52,8
51.0
51.5
51,0
51,7
50,8
51.5
50.8
53 .4
52.0
52,6
53.9
52,6
51.8
50,2
52 .2
52,6

Pressure

CoO »

002/00
ratio

3.7 0
8.7 0.01
9.4 0.04
8.8 0.11
10,0 0.05
10,6 0.04
9.9 0.07
7.7 0.16
11,0 0.06
11.0 0,03
10.8 0.02
11.8 0.06
11,0 Q.07
No analysis
12.1 0.04
12.1 0.04
11.7 0
10.9 0.09
12,1 0,07
11.9 0.04
No analysis
12,1 0.07
12.6 0.02

Oxygen
balance

99
100

99

100
100
101
100

100

Rx10%

0.56
0.67
0.74
0.74
0.80
0.84
.81
0.68
0.89
0.86
0.84
0.95
0.90

0.96
0.96
0.89
0.90
0.98
0.94

0.98
0.98

202,

Total
bu§n off
10

1 minute.

3.‘/]'
11.4
20.3
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Table 4,18 (continued)

Run Initial Pressure COz/CO Oxygen RX108 Total
No. pressure CO nm ratio balance burn_off
ol * = x 107

..‘
At 1270°¢  All reaction for 30 secs. except 1436 for 15 secs.

1436 S 51.7 542 0.06 100 3«34 239.1
1437 S 5042 10,7 0 98 525 24849
1438 B 52.2 11.4 0.06 101 4,62 262.8
1439 M 51.6 15.1 0 99 4,58 276.5
1440 M 52,0 14,6 0.05 102 4 .65 290.5
1441 M 51.5 14.6 0.04 100 4 .62 304 .4
4t 950°¢., A1l reaction for 2 mins. except 1442 for 1 min.
1442 B 52.0 9.2 0.07 100 1.49 313.3
1443 S 50.7 15.3 0.04 100 1.21 327 .8
1444 8 51,0 11.7 0.03 100 0.92 338,49
1445 S 51.1 12,2 0.03 100 0,96 350.4
1446 S 51.2 13,0 0.04 101 1,03 362.7
1447 S 50.8 12.7 0.02 99 0.98 375.0
1448 8 51.4 13.0 0.04 100 1.03 387.3
1449 B 52.6 12.8 0.03 100 1.00 399.4
1450 S 50.0 13.2 0.02 99 1.03 411.7
1451 S 51.5 1%.0 0.04 100 1,03 124.0
At 127000. All reaction for 30 secs except 1452 for 15 secs.
1452 S 50.3 A7 0.06 99 3.04 4128.6
1453 52.0 10.9 0.07 99 3.56 £39.73
1454 B 50.8 1%.8 0.02 99 4.26 152.1
1455 11 50.5 14,3 0.03 99 4 ol7 165.5
1456 ¥ 50.9 15.2 0.03 113 474 479.7
(Leak)

1457 M 51.9 1440 0.03 100 4,65 193.7
1458 M 51.4 1546 0 98  4.74  507.9
1459 M 51.3 11,9 0.05 100 T4 522.,2
1460 ¥  50.2 15.0 0.05 100 4.74 5365



Table 1,18 (continued)

Run Initial Pressure
No. pressure co e
p
At 950°¢
1161 M 51.6 4.8
1462 B 50.0 16.2
1463 S 50.4 16.6
1464 S 51.4 15.7
1465 S 50,0 15.2
1466 S 50.0 12.5
1467 S 50.0 11.5
1468 S 50.4 14,5
1469 S 419.0 9.1
1470 S 50.0 13,6
1471 S 50.8 12,5
1472 S8 51.2 13.0
1473 S 51,0 13.0
1747 S 50.1 13.2
1475 8 51.2 13.4

At 1270°C

1476
1477
1478
1479
1480
1481
1482
1183
1484
1485
1486

M
M

il

C0,/C0
ratio

Oxygen
balance

Rx10

504,

Total
burn,_off
X 10‘7

A1l reaction for 2 mins. except 1461 for 1 wnin,

50,6
19.8
50,6
50.6
51,3
49.4
50,0
50.3
19.7
49.5
50.8

3.8

8.1
12.1
12.0
12,8
12,3
12,6

No.analysis

13.4
13,0
1“4\- . O

0.12
0,02
0.05
0.05
0.01
0.04
0.03
0.02
0.08
Q

Q.01
0.01
0.03
0.03
0,01

0.05
0.05
0.03
0.02
0.05
0.08
0.06

0.05
0.05
0.04

99
99
9¢
100
99
99
99
99
103
101
101
100
101
101
101

411 reaction for 30 secs except

100
101
102
100
101
100
100

101
100
101

0.82
1.26
1.31
1.25
1.17
0.99
1.14
1.15
O.74
1.03
0.96
1,00
1.02
1.03
1.03

551.6
567.3
582.4
596 .4
608.3
620,2
633.9
647.7
656,7
669.,1
680.7
692.7
705.0
117 .4
729.8

1176 for 15 secs,

2443
2.59
3.80
3,74
1.08
3677
4,05

"1" 029
414
"l 026

133.4
T41.2
752.6
763.8
776.1
1874
799.5
811.9
824 .8
837.2
850.0



Table A.18. (continued)

Run
No.

Initial
pressure

P

A+ 1270°C.

1487
1488
1489
1490
1491

@]
i

we)
1l

M

I

M 52.2
M 51,7
M 49.4
M. 52,6
M 51.6

13.6 0.07 100

silvery filament )

bronze filament

after reaction

matt black filanent;

Pressure  C0,/CO  Oxygen Rx10°

CO m ratio balance
13.9 0.06 101 A.47
No analysis
14.0 0.04 100 4.44
No.analysis
4 oA

305,

Total
burn,_off
X 1O7

863 .4
876.7
890.0
903.4
916.7
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APPENDIX 5.

Experimental results on TREATED filaments not in main text.
( Graphs are before the Tables. )
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Table .1.5.0. Rate Ryns at 1200°C in oxygen at 50u pressurc
Filanment 4. Untreated filanents.

Run T°C Secs Initial  Pressure R g Oxyaen COz/CO

Nge react Preisure CoO n x10 balance ratio
197 1200 30 50.5 11.7 474 101 0.05
198 52.8 12,7 1.11 99 0.06
199 50.8 12.8 .17 100 0,07
200 50.4 12.4 3.986 100 0.04
201 53.2 12.9 L.14 101 0.06
202 50.8 9.4 2.98 101 Dis 0.05
counted ’
203 53.0 11.1 3.83 100 0.12
204 53.3 12.1 1.01 100 0.09
205 49,4 11.7 4,11 100 0.15
206 51.5 11.2 3.71 100 0.09
207 50,4 11.9 3.98 99 0,10
208 51.6 12.0 3.98 100 0.09
209 54 .4 12,6 1.08 100 0.07
230 1800 60 53.6 16.5 2.80 103 0.11
231 60 49,8 15,5 2,69 103 0.15
232 60 53.5 17.3 502 102 0.15
233 30 5344 8.6 2,96 101 0.14
234 30 50.4 9.0 2.89 103 0.05

Oxygen balance based on increase in pressure and CO formed.

3.99 gr atoms/cnz/sec

Average rates at 1200°C

1800°¢

2.38
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Table A.5.1. Zinc treated filanent. Filanent 11.

A1l Teaction at 1200°C.

Run  Secs. Initial  Pressure C0,_/CO R Oxygen
No. react. pressure GO n rgtio x]@ balance
M ,
289 15 50,4 6.2 0.04 3 .89 98
290 5 51.4 1.0 0.02 Tedh 101
291 10 51.0 3.5 0.12 3.56 9%
292 30 51.7 3.6 0.17 5.07 102
293 30 4947 10,2 0.11 344 102
New carbon filament. Filament No,12. No previous burn off
of filament
294 30 4748 6.5 0.02 1.99 99
295 30 50.7 11.6 0.05 3.53 99
296 30 AT 4 12.5 0.25 3,80 97
297 30 52.2 14.1 0.23 1.29 93

For Runs 294~297 the pressure of CO was based on the increase
in pressure due to the analysis by a Pt filament failing,
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Table LeDHels Filament 24.

Filament freateéd with boric acid from pletinum filanent.
Filament heated twice in SQp of oxygen at 1200°¢

Run No. Initial Pressure COQ/CO Oxygen R x108
pressure CO P halance

2 ratio
Untreated f£ilament
532 4’900 l’AroS 0003 98 405
Boric oxide heated on Pt filament for2% minutes in vacuun
533 ‘1‘805 1504 O 97 4'07
534 48,4 12.7 0.02 SIS 3.9
535 18,4 13.7 0.02 97 1.3

Boric oxide heated on Pt filament for 3 mins in SQp of oxygen
536 9.7 12.8 0.0%4 99 rel
Filanent hected at 2000°C for 15 minutes in vacuun

.0 13.6 0.02 08 Aol
6 13.9 0,02 98 13



304,

Table A.5.3. PFilament heated with crystalline boron

ground in a pestle and nortar,

PFilanent 20.

Run Initial  Pressure COz/CO Oxygen R x10°
No. pressure co » balance

o ratio
469 50.4 9.8  0.23 a2 5467
470 49.1 12,1 0.04 a7 3.80
471 49.3 14,1 0.08 91 4.60
172 50.% 1.8 0,28 100 - 0.67
473 49,2 15,73 0.07% 91 4 .80
AT4 48,1 16.8 0.04 92 5.27
475 49,0 16,7 0.06 95 5.40
476 49.0 18,73 0 94 5.5%
477 48,4 19.8 0.05 93 6.30
478 50,0 16,0 0.04 100 5,10
479 18,8 15.8 0.02 98 4.90
480 50,2 15.9 0.09 100 5.20

Filanent heated at ZOOOOC for 5 ninutes in vacuun

481 49,7 16.0 0 97 A9
482 49,6 18,5 0.01 97 5.7
483 48,0 19.1 0 96 5.8
484 49,8 20,2 0.01 97 6.2
485 4944 17.7 0.03 98 5.5

A1l reaction for 30 seconds at 1200°C.
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Table ﬁ-\- . 5 04 . Filamel’lt 21 .

Pilament treated with crystalline boron suspension ground
up in pestle and nortar. Pilament first reacted twice.

Run  Initial  Pressure C0,/C0 Oxygen Rx10° Total burn

Yo, pré;sure co ;u ratio balance off x107
186 45,0 7.2 0.04 92 2.3 6.8
487 48,3 9.0 0.01 83 2.7 15.1
A88 51.6 10.4 0.04 89 3.3 25,0
489 49.2 12,0 0.08 89 37 36,0
490 A7.8 - 9.8 0.19 97 3¢5 46,7
491 18,0 9.7 0.49 102 4,1 60.9
492 48,0 14,2 0.20 983 5.2 76.4
493 49,0 15.4 0.23 08 5.8 93.7
494 50,0 16.5 0.25 101 6.3 112.,5
405 2.2 20.6 0.22 97 7.6 135.4
196 50.2 11.4 0.54 101 5.3 151.5
497 49,0 10.8 0.34 101 4.h 1647
493 50.0 13.3 0.28 100 5.1 180.2
499 51.6 18.7 0.14 101 6.5 199.7
500 18. 16.8 0.08 103 5.5 216.3

A11 reaction at 130000 for 30 seconds

The following runs were carried out with a cold trap on the
reactor »
23%6.9

501 9
.3 255.7

502

19.1 0.23 96
1i7.8 0.21 98

O
[ JR 6

Ul
(@)
Ul O

~
-



Table L,5.5. Pilanent 22.

Filament treated with boron harmered to pulverise.

Filament initially rcacted threc times in 59p of oxygen
at 1300°C for 30 scconds.

Run  Initial Pressure COZ/CO Oxygen R x10°

No. pressure Cco /p ratio balance
P , |

503 19.9 10.5 0.55 94 AT
504 50.6 15.8 0.39 96 6.4
505 50.0 16.8 0.40 96 6.8
Filament heated at ZOQOOC for 15 minutes in vacuun
506 16.4 21.7 0.03 93 7.1
507 18,4 19.1 0.01 96 5.9
508 19.6 16,2 0 97 4.9
509 50.4 17.1 0.02 96 5.3
510 49,8 16.2 0.05 98 5.2

All reaction at 120000 for 30 scconds.
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Table A.H.6. Filanent 28,

Filament painted with suspension of amorphous boron,

Run 1°¢  Initial  Pressure COZ/GO Oxygen Rx10°
No. pressure Cco )u ratio balance
M. _

617 1250 4340 15.6 0 107 1.7
618 1250 50,0 11.4 0 108 3,9
619 1250 50.8 11.2 0 106 3 etk
620 850 50,0 8.2 0.02 101 2.5
621 1200 17.8 10.0 0.02 101 3.1
622 1350 1849 9.4 0,08 100 3.1
623 1460 18,0 7.0 0.09 100 243
624 1620 19.2 6.4 0.03 99 2.0
625 1840 A7 .6 5.2 0.08 100 1.7
626 2000 475 6.0 0.20 99 2.2
627 1800 A8.4 34 0.06 69 1.1
628 1550 18,2 3.6 0 98 1.1
629 1520 49,7 4.6 0 S9 14
630 1400 45,0 8.0 0.06 101 1.2
631 1200 50.2 10.5 0.29 106 343
6352 1150 48,6 18.8 0.05 102 5.5
633 1000 48,0 7.1 0.07 101 2.3

A1l reamtion for 30 seconds.
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Table Loe5¢7 Pilanent %04,

Filanent painted with amorphous boron suspension and heated
. 0O .
in vacuun at 2000°C for 30 ninutes.,

Run 7°¢  Initial  Pressure coz/co Oxygen R

No. pressure Co p atio balance quS
n
644 1200 29,0 10.5 0.02 97 343
645 1000 19.0 8.4 0 100 2.5
646 1000 51.6 8.2 0. 101 2,5
647 1220 48,5 10.0 0.07 97 3.3
648 1350 49,4 8.4 0.04 85 2.7
649 1540 19.8 10.9 0.02 43 3.0
650 1710 50.7 9.0 0.09 41 3.0
651 2030 49,5 5.6 0.45 4 2.5
652 2010 19,5 1.5 0.08 96 1.5
653 1700 50.2 3.8 0.05 99 1.2
654 1530 18,6 7.1 0.10 100 1.5
655 1420 51.6 9.1 0.03 104 2.9
656 1260 50.0 14.9 0.02 112 4.6
657 1070 50.0 10.8 0.05 105 3.5
658 1000 4945 6.6 0.03 102 2,1
659 1300 51.% 8.1 0.06 106 2.7
660 1160 51.0 6.9 0.06 103 2,2
661 1600 51.2 5.6 0.11 102 1.9
662 1720 51 .4 5.1 0.02 101 1.6
663 2000 49 .4 4.1 0,01 101 1.4

After Run 651 the filament was heated twice at 203000 in
50 u of oxygen for 30 seconds.
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Tahle .1.5.3. Pilanent 29,

Filanent painted with anorphous bhoron suspension and then
coated with vpyrolytic carbon.

Run  T°C  Initiel Pressure  €0,/C0  Oxygen Rx10°
No. pressure Cco b ratio halance
A .

634 050 16.7 3.8 - 0.05 97 1.2
635 1180 48,4 12,3 0.03 102 3.9
636 1300 49.5 12,2 0.01 104 3,7
637 1450 51,2 11,4 0.04 103 3.6
638 1660 50.7 9.4 0.03 102 2.9
636 1800 50.4 7.0 0.11 101 2.4
610 1600 49.6 12.1 0.03 103 3.8
641 1400 47.6 12.8 0.02 111 4.0
642 1150 43,9 14.6 0 113 1.5
643 1000 51.4 8.2 0.05 105 2.6

Table .L.5.9. FPilanent 23.
Boric acid trecated filament at increasing temperature

Run 1°¢  Initial  Pressure ¢0,/C0  Oxygen R g

No. pre%Eure CO n ratio balance XjO
524 1300 49,0 11.5 0.15 101 5.1
525 1500 49.0 19.0 0.13 99 4.8
526 1650 AT.4 8.4 0.12 99 2.9
527 1900 19.3 7.9 0.32 96 teT
528 1560 18.8 6.4 0.14 98 2.2
529 1470 18,5 10.6 0.05 96 1.0
530 1200 50.4 22.0 0.01 100 6.8
531 1100 19.0 14,4 0,06 100 17

All reaction for 30 seconds except 527 which was for 20 secs.
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Table A,5.,10., TFilanent 26.

Rate~tenperature runs for boric acid treated filanent.
Agueous solution used, followed by heating filanent in vacuun
at 950°C for 45 minutes.

Run 7°C  Initial Pressure (0,/CO  Oxygen R g
No. pressure Co p ratio halance x 10
po . ,
580 970 50.3 7.1 0.07 96 2.3
581 1280 50,4 12.5 0.21 103 4.6
582 1420 50.9 13.3 0.24 104 1.3
583 1450 50.0 12.9 0.16 104 4.5
584 1600 50.5 10.5 0.11 105 3.5
585 1820 49,7 3.2 0.04 102 2.6
586 2000 49.5 8.9 0.16 96 3.1
587 1870 51,0 5.8 0.05 100 1.7
588 1600 50.2 8.0 0.04 102 2.5
589 1400 50.7 15.2 0.06 104 4.9
590 1200 5040 10.8 0.01 104 12.7
591 950 19.5 11 .1 0.01 105 3 o4

Reaction for 30 seconds except Run 582 which was for 35 secs.
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Table 4,5.11, Filament 24.

Rate~-tenperature curve for filament painted with boric oxide
suspension in acetone,

Filamnent heated at 120000 in vacuunl 4 tines for 30 secs. each.

Run 7°C  Initial Pressure  C0,/CO  Oxygen  Rx10°
No. pressure 010] /p ratio bhalance
17

547 1000 2,2 7.1 0.06 97 2,08
548 1170 1.0 11.3 0,03 97 5,53
549 1360 2.3 To'7 0.01 97 2.37
550 1520 1.9 12.5 0.04 97 3.83
551 2000 0.4 1% .4 0.22 88 4.99
552 1680 2.0 4.6 0.1% 99 1.58
553 1600 0.7 4.3 0.05 97 1.37
554 1450 2.0 5.6 0.11 98 1.89
555 1220 6.3 16,9 0.18 100 5.23
556 1090  11.9 22,3 0.27 102 6.66

A1l reaction for %0 seconds.



Table A,b,12,

Filarent No.37.

Run
No.

770
771
772
775
774

TTHA
775B

776
77T
778
779
780
781
782
783
784
785
786
87
788

o0

1060
1060
1060
1600
1600
1720
1720
1720
1720

950
1080
1220
1430
1530
1150
1950
1580
1360
1150

950

Secs

30
60
60

5

5

5
10
30
60
60
60
30
20
30
30
35
20
30
30
60

Silicon treated filament.

Initial
react, pressure

M

50.0
50.6
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Uloul uloul
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N
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OV OO0 DU RO 0N W

O

ratio

0,15
0,11
0.11
0.20
0.1%
0.27
0,15
0.25
0

0.04
0.03
0.04
0.16
0.16
0.26
0.06
0.03
0.01
0.05

C0,/C0 Oxygen
balance

100

99
101

102
3
98
97
97
101
100
102
95
98
97

522,

Rx10

0.94
1.51
1.89
6.58
157

2.55
1,15
1.21
1.07
2,95
4 .38
3.83
2.65
2.40
2.73
2.19
5.90
6.53
1.53



Table .i,b.13.

Tungsten treated.

Filanent 171,

523,

A1l reaction at 1200°C for 3 secs. except 318 which was for

5 seconds.

Run Initial Pressure
No. pressure co pe

W filament at 1500°C while reacting.

305 55.4 10.4
306 54.5 11.3
307 54.0 14.6

W filarment not on.

308 51.0 9.0
509 55.2 9.4
310 57.6 9.0
311 43,6 1.9
312 5445 7.1
313 4.0 2.4
314 51.2 1.8

coz/co
ratio

0.05
0.09
0.04

0.10
0.04
0.06
0.28
0.07
0.17
0

Oxygen
balance

100

97
85

103
100
101
107
102
104
101

N
.

A
. .
O o @

N O N O NN W
- -
>0V W WO

W filanent at 2000°C for 15 secs. in 50n oxygen before

315 53.4 13.4
316 55.2 10.2
317 53.4 9.3
318 53.2 15.4
319 et 10.6
320 52.6 11.53
321 55.% 10.7
322 50.3 9.6
323 19.7 10.4
324 15.8 10.5

Pilanent heated in wacuun and then retreated with W

325 55.4 10.4

0.03
0.19
0.02
0.03
0.12
0.02
0.04
0.07
0.04
0.05

0.03

96
93
97
98
96
90
95
96
95
95

L]
Ol 9> 2 OV O WO = N

-

SN N SIS
L]

WoW W W
. . ° - .
N

R %107

runs.
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Table A.5,1%, Tungsten treated filament.

Tungsten wire heated in BQp of oxygen, Filament 16,

Run 360 untreated filament.

Run  Secs., 7°¢  Initial Pressurc 002/00 Oxygen R x10°
No. react. pr%ﬁsure co it ratio balance

360 30 1200 16.0 Ged ! 0%%1 98 3,13
361 15 800 49,0 - -~ - -
362 10 1200 47.8 - - - -
363 10 800 49 .4 2.1 1.12 100 1.53
364 5 300 A6.7 10.0 0.41 104 A.27
365 30 1000 16.7 9.6 0.22 100 3.53
366 11 1200 49.6 1%3.4 0 95 4.07
367 5 1100 50,6 5.9 0.20 96 2.13
368 6 1600 474 3.7 0.43 101 1.60
369 30 1800 49.6 6.0 0.02 a8 1.87
370 10 1600 50,0 5.2 0 96 2.27
371 20 1400 15.4 8.2 0.05 96 3.93%
372 20 1200 46.0 12.0 0 97 3.87
373 30 1000 16.2 5.0 0 100 1.73
374 300 800 49.5 0.9 0.9 101 0.51



Table A.5.15.

Pilamnent coated between runs.

Run
No.

375
376
377
378
379
330
331
352
353
38/
385

190

800
1000
1200
1400
1600
1800
1600
1400
1200
1000

3800

SeCS.
react

600
300

L R 3 N N S S R S e

Initial
pressure

)l

48.6
46.6
46.8
48.5
49.6
A7.6
A5.3
A8.6

Tungsten treated,

Filanent 16,

Presgssure

co P

1.8
10.9
9.0
11.0
11.4
11.2
18.4
20.6
12,2
2.5
1.5

COQ/CO Oxygen

ratio

0.33
0.03
0.07
0.13
0.09
0.01
0.05
0.05
0.05
064
0,80

balance

98
99
100
99
96
98
98
97
98
101
=100

525,

Rx10

0.37
1.07
17.5
22,7
22,17
23.0
35.5
66.0
8.9
7.5
0.08

8
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Table 4,5,16, Tungsten treated.

Pilanent heated at 1800°C between reaction at 1200°C for
3 geconds.

Filament 16.

Run Secs heating Initial Pressure COQ/CO Oxygen RxlO7

No. at 1800°C. pressure 810] e ratio balence
387 60 54.8 26.5 0.01 96 8.14
386 15 16.3 10.0 0 96 3.04
389 15 16 .4 7.1 0 95 2.16
390 15 46,8 6.5 0.37 98 2.71
391 15 51,0 9,1 0.01 95 2.79
392 15 52 .3 12.7 0.09 98 4.19
393 15 48.0 12.0 0.08 G4 3.68
394 15 45.5 11.0 0.07 96 3.59
395 - 54.2 15.6 0.03 96 4,90
396 - 18.5 11.6 0,10 8 3.89
397 - 53 .4 12.8 0.07 98 A.17
Run No. Burn off gr atoms/om2

367 24.2 x 107

388 33.3

389 39.8

390 45,7

391 54.0

392 65.6

393 76.6

394 86.6

395 100.8

396 111 .4

397 128.0



Table fi.5.17,

Order runs at 1200°C for % geconds.

Tungsten treated.

gun I?égéai ngssure 002/00
O b /M ure P ratio
398 14445 8,0 0¢14
399 25.5 4.5 0.04
400 65.7 12,6 0
401 99.5 14.5 0.08
402 136.5 18.5 0
403 169.5 13.5 0.09
404 207.25 17.0 0.08
405 120.75 9.5 0.04
106 72.3 7.2 0.01
407 2%.65 30.5 0.05
108 19.4 2.7 0
409 A7.2 2.4 0.29

Filament heated at

410 48,9
411 51.1
412 A58

Pilanent 16.

Oxygen
balance

101
100
98
g
98
100
100

94
98
100

1800°C for 15 seconds

1.2 0.33
3,2 0.12
3.9 0.03

97
99
98

R x10

27.7
1443
38,73
7 o4
56,3

ALLT

55.6
29.9
22.2
9.7
10.7
9.4



Table A.5.18.

Series 1.

Run
No.

1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534

7%¢

1000
1120
1240
1450
1570
1630
1790
2000
2000
1730
1650
1480
1360
1170
1000
1000
1220
1390
1530
1690
1900

Series 2.

1535
1536
1537
1538

1900
1720
1550
1400

Mo Vacuum deposited runs.

Mo oxides evaporated onto filament prior to
each run.

Secs.

15
10
15

4
L

10
15
15
15
15
15
15
10
10
10
15
12
10
10
10
15
15

Wo treatment prior to Runs.

20
20
20
20

Initial
react. pressure

»
48,9
5045
50.4
51,0
49.2
19.6

1
19.4

51.5
51.4
50.4
51,3
49.8
51.5
50.0
50.5
50.0
51.7
49.8
52.0
51.5
50.3

4
‘“4

CO kO

A
i

5
0
.0
8

4

1

\'ICQ

Prescsure

co )

13.8
23.5
27,0
16,4
9.4
8.5
11.5
7.6
6.1
6.2
9.8
15.1
33.0
37.0
32.83
23.3
31.9
24.0
15.4
11.2
6.9

4.8
5.2
5.5

18.5

coz/oo
ratio

0.01
0.04
0.01
0.02
0.04
0.06
0.04
0.12
0.

0.06
0.06
0,04
0.03
0,02
0.02
0.04
0.03
0.02
0.04
0.04
0.10

0.10
0.08
0.06
0.04

Oxygen
balance

100
101
101
101

99
102
100
100

99

99
105
100
103
104
102
102
105
103
100
100
100

100
100
103
102

328,

RXlOS

8.52
22.3
16,7
15.3

3.94

5.47

7.30

5.17

3.71

401

6.33
11,2
30.9

4t
20,3
18.5
30,0
22 .4
14,6

7.06

Le62

2.37
2.51
2.60
8.76
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Table 4.5,18 {(continued)

Run T°C Secs. TInitial Pressure CO2/CO Oxygen  Rx100
No. react., pressure CO »n retio balance
H . :

1539 118 15 13.8 26,6 0.04 104 16.5
1540 1050 15 50,3 26.3 0.02 101 16,2
1541 980 20 51.5 13.3 0.01 101 6.39
1542 1080 15 51,0 18.4 0.05 89 11.5
1543 1230 15 49,5 16,0 0.03 99 9.98
1544 1430 15 50,8 8.1 0.04 101 5.11
1545 1640 20 18,6 5.9 0.07 100 2,07
1546 1950 15 51.4 3.8 0.18 99 2.74
1547 1750 15 50.1 3.8 0.16 101 2.68
1548 1520 15 50.7 5.5 0.11 100 3.71
1549 1430 15 52.2 6.6 0.06 101 4.21
1550 1300 15 50,6 11.4 0.02 101 7.06
1551 1100 15 49.2 11.0 0.06 101 7.06
1552 990 20 51.5 11.0 0 102 5.02

Series 3. o oxides cevaporated onto filament prior to each
run, and filament then heated to 1500°C in vacuum

1553 980 15 48,8 17.7 0.04 99

11,2
1554 1100 10 49.4 35.7 0.03 102 53,7
1555 1260 10 51.0 51.8 0.01 101 2T7.9
1556 1350 10 50.0 52.2 0.01 101 A8.4
1557 1510 10 50.5 46,0 0.03 101 13.1
1558 1620 5 19,8 25.0 0.01 99 46.0
1559 1750 5 49.8 18.6 0.02 99 34,7
1560 1910 5 19,6 1%.0 0.03 100 24,
1561 1930 5 49,4 10.8 0.05 102 20,8
1562 1780 5 18,8 16,7 0.02 100 31,2
1563 1610 5 50.6 28.9 0.01 G9 55.0
1564 1500 5 50.0 36,2 0.05 104 107
1565 1350 3 19.6 34.9 0.03 101 109



Table .1.5.18 (eontinued)

Run
Noo

1566
1567
1563
1569
1570
1571
1572
1573
1574

Series 4

1575
1576
1577
1578
1579
1580
1581
15862
1583
1584
1585
1586
1587

790

1120

990
1020
1120
1300
1430
15860

&00
2000

2000
1750
1630
1510
1310
1130

980
1170
1390
1510
1610
1720
2010

Sccs,
react. pre

e

)1

19.0
51.0
50.8

Initial Pressure
ssure

Cco Pl

15.2
26,0
28.6
14.0
26.6
36.7
30,2
22.2
12,8

coz/co
ratio

0.03
0.04
0.02
0

0.02
0.02
0.01
0.01
0.03

No treatnment prior to Runs.

10
10
3
3
3

5
10

W W W W W

10

- 50,2

51.8
50.3
50.2
52.0

11.8
28.6
27.3
37.5
36 .4
50.4
22,2
17.3
23,6
23.5
15.3
17.0
10.0

0.02
0.01
0.02
0
0.01
0.01
0,01
0,01
0.02
0.
0,03
0.02
0.06

Oxygen
balance

99
101
101

99
101
101
100
101
100

99
101
102
100
103
101

98

99
105
102
100

99
100

330,

]
[

Ex10

47 o
2447
26,6
12,6
82,7
113.



Table A,5.10. Zirconiun Runs.

Filanent Nq5,30B,

Run T°C Secs Tnitial TPressure COz/CO Oxygen Rx10°

No. react. Preisure €O n ratio balance
S

664 1060 30 19,2 6.7 0.06 103 2.1
665 950 30 50,0 6.2 0.21 3 2.3
666 1100 30 48,9 6.6 0.18 101 2.4
667 1420 30 51.0 6.8 0.03 99 2.1
665 1420 50 50,2 7.1 0.17 102 2.5
669 1520 30 51.1 6.9 0,07 100 2.3
670 1600 30 51.4 6.3 0.13 101 2.1
671 1810 50 53.0 Ao 0.13 100 1.6
672 2150 30 19.8 5.2 0.21 101 1.9
673 1800 30 51 .4 5.5 0.07 100 1.8
674 1520 30 52.4 5.3 0.08 101 1.7
675 1440 30 48.8 8.1 0.02 101 2.5
676 1240 50 53.0 13.1 0.03 112 4.1
677 1000 50 49.1 6.4 0.16 105 2.2
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Table 4.5,20. N,0 catalyst runs. Uraniun trioxide treated
filanent No.47.

Run 7°C Sccs. Initial Pressure Oxygen N Rx10° W /G0
No. react Dpressure CO » balance ba%ance raiio
pi

1029 1850 15 1642 3.2 98 103 1.95 1.87
1030 1850 30 45,0 5.6 91 103 1,70 1.4
1031 1850 30 416.4 4.2 97 101 1.27 1.6
1032 1850 30 48,8 3.2 97 102 0.97 1.9
1033 1850 30 51.8 3.3 9¢ 101 1.00 1.6
1034 1720 30 19.6 1.7 95 102 0.52 3.2
1035 1560 30 18.6 4.l 97 101 1.25 1.6
1036 1450 30 50,0 10.2 94 102 3.10 1.4
1037 1340 30 49.8 15.2 97 105 4.68 1.2
1036 1100 Z0 52.0 1.0 95 100 0.42 5.0
1039 950 30 51.4 0.6 96 99 0.24 5.0
1040 1090 30 50.8 1.3 95 99 0.52 3.6
1041 1330 15 50,6 19.2 97 102 11,7 1.2
1042 1710 35 49.2 21.3 99 103 5,76 1.2
1043 1500 30 46,8 15.6 97 105 A TA 1.3
1044 1640 30 A7.0 11.0 95 99 535 1.2
1045 1770 30 48,6 14 .4 101 103 3.47 1.2
1046 1920 30 17.0 8.7 59 101 2.71 1.3



Table A.5.21. Platinum,. Rate-Tenperature Runs.

Run 1°¢  Secs. Initial Pressure COZ/CO Oxygen RX108
No. react. pri;sure Cco P ratio halance

1366 1130 10 16,3 8.7 1.29 99 18,2
1367 900 10 49.2 1.8 4,55 99 9.13
1368 . 49,1 1.1 6.30 100 7.30
1369 50.2 1.2 5.17 100 6.75
1370 1.2 1.6 .37 100 6.39
1371 50.6 1.4 3.71 101 6.02
1372 1030 5 40.9 3.8 1.68 97 18,6
1372 1230 50,7 22.1 0.64 116 66,1
1374 1360 51.2 23,2 0.21 102 51.5
1375 1290 50,0 21.1 0.75 100 18.2
1376 1530 51.0 17.8 0.21 102 39.3
1377 1620 51.2 10.6 0.21 101 23.4
1378 1700 51.1 9.6 0.06 98 18.6
1279 1700 +9.0 6.0 0.10 100 12.1
1380 1880 50.3 3.7 0.08 100 7.31
1381 2030 19.8 14 .4 0.50 60 39.5%
1382 2030 51.0 13,0 0,63 75 8.7*
1383 1860 19,8 3,6 0 100 6.58
1384 Not done _

1385 1700 49.4 3o 0.06 100 6.58
1386 1520 49.8 3.8 0.10 101 T.67
1387 1370 50.8 5.8 0.03 99 11.0
1388 1280 51.7 9.4 0.02 99 17.5
1389 1100 50.0 11.0 0.05 99 21,2
1390 980 10 50.8 8.4 0.11 99 8.19
13291 900 50,0 2.3 0.09 100 2.28
1392 1040 5 51.4 6.5 0.03 99 12.2
1393 1290 49408 12.0 0.08 100 22,1
1394 1460 51,5 7.1 0.04 100 13.5
1395 1630 50.7 5.0 0.04 100 9.50
1396 1800 52,0 3.6 0.05 99 6.29

* Glow discharge



334

APPENDIX 6.1, CALCULLATION OF EXPERIMENTAL STEBADY SITE
DISTRIBUTIAN AT 50i.
P

For the purposes of determining the variation of the
equilibrium site concentration n/nref with temperature the
results obtained on the single filament, No.56, were used.
Results obtained on different filaments did not show good
reproducibility.

The method of obtaining n/nref was based on the
equation used by Duval3 rate = r.n where r is the
fundanmental rate of rcaction.

If Tl is the previous temperature of reaction, at a
temperaturc T2 the initial rate at zero time will be
characterised by a site concentration 0y, where n, is the
equilibrium site concentration corresponding to Tl’ When
equilibrium site concentration is reached at T2, the surface
will be characterised by a site concentration n,.

Hence Initial rate = TNy
Final rate = r.,
Therefore

1og(n2/n1) = log(Final Rate) - log(Initial Rate) [1]

Also it follows if eguilibrium conditions are reached
n3/n1 = n3/n2 . n2/n1 [2]

-

and ~log n2/n1 = log nl/n2 [3]

The values of R were obtained from Table A.4.13 and the
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logarithms plotted against time of reaction. These plots
are shown in Graphs A.6.1 to A.6.3. The results going from
1180°C to 980°C were not plotted as the filament showed
abnormal behaviour (Section 4).

Trom these graphs 1og(n2/n1) was obtained by
extrapolating back to zero time to get the initial rate.

Then using equations [2] and [3] values of n/n9800g were
obtained at various temperatures as shown on Graph 6.1,
The calculation of n/n98ooC is shown in Taeble 4.6.1,

From thc curve on Graph 6.1 the values of n/n115OOC
were obtained which were used in Seotionv6.

The éoouracy of the 1og10 n/n850 curve shown on
Graph 6,1 depends largely on the accuracy of the initial
rate, which in turn is largely governed by the first rate
determined.

Por example considering reaction at 122500 after
980°C. Graph i.6.1. The rate after 15 seconds was 3.19 x10™8
If this was 10% too high, i.e. the rate was 2.87 XlO_g,
1og10R = 8.4579. This point, X, is shown on the graph and
gives a value of 1Og10Rinitia1 of 8.320.

Hence log n1225/n980 now = 0,330 as against 0.235
before, which is an error of near 30%. An initial error,
therefore, in the first rete determined expecrimentally, is
increased by a factor of asbout 3 when calculating the site

concentration curve.
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APPENDIX 6,2, Calculation of experimental fundamental rate r

1., Method of calculating rate from Duval's ResultSB.

Duval's results were in terms of F , where

p = QXygen reacted

. . 2
s units 1 m
oxygen striking surfacs 5 in. ¢ and

nm Hg
oxXygen reacted
5.5 x10°° P

Assuming each oxygen gives 2C0 i.e. no CO, formed

2 2 _..=1

¢0 formed 2 P x 3,5 x10° P cm.© min

Il

1,17 P.P x 1072 gr mole_s/cm2 sec.

= g atoms of éarbon reacted/om2 sec.
The results given by Duveal for the variation of T with % for
graphitised filaments were between 0.6 and 0.7u, For the
purposes of comparison with the Nagle thecory, T was taken to
be the same at 0.76u. |

Calcﬁlation of r.

R = rn'  where n' = n/N.
For 0.76n Nio00 = 0.951N where N is a constant see section 6.3%.
The valuegs of P arc obtained from Duval's results for

. are
graphitised filaments, Ref(3), Fig.8 as,the values of n/n1200-
(Fig.17).

For 50n n/¥,i.e. n' is obtained from Table 1.6.5. In fact
here the calculated values of n/Nyare'used but as can be seen
in Table 4.6.5 and OnIGraph 6.4 these values are very close
to the experimental values,

The calculstions relevant to this section are shown in

Table A.6.2.
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Table .-.:‘\L » 6 n__:l:_o

790 19g Log, R Log. AR Tog Log

reaction reaction ini%gal fiigl HTZ}STl nTz/n9;800
980 850 9.950 8.046 0.096 0.096
1225 480 8.415 §.650 0.235 0.331
1290 1225 §.600 8,710 0.110 0.441
1440 1290 8.590 8.695 0.105 0.546

1500 1440 8.592 8.654 0,062 0,608
1550 1500 8.520 8.562 0.042 0.650
1720 1550 8.53%0 B.485 ~0,045 0.650

1850 1720 8.520 8.427 -0.093 0.512

1660 1850 8.350 8.5%3 0.183 0.695
1520 1660 B8.775 8.622 ~0.153 0.542

1330 1520 5.883 8.703 -0.180 0.362

1180 1330 g.882 §.673 -0.209 0.151
7oK in, n/n1150 from Graph 6.1

1150 0

1200 0.058

1300 0.207

14.00 0.426

1500 0.737

1600 1.0%6

1700 1.324

1800 1,497

1900 1.554

2000 1.451

2100 1.267

2200 1.059



Table L.6.2. Calculation of r. it 0.76}1
o mx10% Rx10'0 Loz R Tog,q mypgo/n Logyy  LogoR
¥/n =10g, oT

1100 1.65  1.47 10.167 0

1200 5.8 5.16 10.713 0 ~0.,022 10.691
1300 7.45 6.62 710.821 0.075 0.055 10.876
1400  7.45  6.62 70.821 0.195 0.17%3 10.994
1500 4.05  3.60 10.556 0.355% 0.333 10.889
1600 2.65 2,36 10.373 0.55 0.528 10.901
1700 2,25 2.00 10.301 0.775 0.752  9.053
1800 1.9 1.69 10.228 1.05 0.928 §.156
1900 1.65  1.47 10.167 1.195 1.172 §.339
2000 1.5 1.34 10.127 1.30 1.278  $.405
At 50 p

°%k  Rx10° Tog, R n/N r = R.N/n x10°  Togyor
1150 0.30 S.477 1.479 2,03 §.307
1200 0.70 9.845  1.575 4.44 9.648
1300 1.7 8.230 1.848 9.20 §.964
1400 3.1 8.491 2.217 14.0 8.146
1500 4.7 8§.672 2.833 16.6 8,220
1600 5.27 8.723  3.610 14 .6 8.164
1700 5.15 8,712 4.808 10.7 8.0%0
1800 4.05 8.607 6.329 6.40 9.806
1900 3.47 8.540 8.000 4.34 5,637
2000 3.10 8.491  7.246 4.28 9.631
2100 2.70 8.431 5,000 5.40 G.732
2200 2.30 53.362  3.413 6.74 9.829

241.
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APPENDIX 6.3. Calculauion of Nagle—-Stricklend--Constable

Theory.
From Section 2
kyP D)
Rate = 1ik“?“ x 4+ kBP(l—X) gr atoms/cm” sec
Z
where X = fiﬁl’(K )
i

Using the constants calculated by Nagle14 namely

20 exp [-30,000/RT]

I{ I8
4L

i

Kq 0.046 exp [-15,200/RT]

[

-
Kn = 1.51 x10° exp [-97,000/RT ]

I 21.3 exp [+4100/RT]

T/
AN
Z

the calculated values of LoglOR at 0.76 and BQp are shown

in Table 1.6.3.
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Table ...6,3. Calculation of R from Nagle-Strickland
Constable Theory.

at O.7Qu

ox KT/KBP) x KAPxxlolo KBx105 KB(l—X) Rx1010 log, oR

P x10

1200 0.044  0.967 0.732 - - 0.73 17.863
1300 (Q.479  0.690 1.10 1.2 0.37 1.1 10.041
1400 4.68 0.176 1.27 1.8 1.48  1.43 10.155
1500 33.9 0.029 0,269 2.7 2.62  0.53 11.724
1600 19.0 0,005 0.090 3.8 3.74  0.46 771.663
1700 £71 0.001 0.003 5 5 0.5 11.699
1800 - 0 8 8 0.8 11.903
1900 - 0 12 12 1.2 10.079
2000 - 0 16 16 1.6 10.207
at BQp.

°c K,/%x_P x  X,Px10” Eéf X_P(1-x) Rx107 T.og., ~R

BT 7~ 1+KZP B 210

1200 0 1 8 4.70 0 4,7 g.672
1300 0,008 0.995 7 19.8 0 19,8  B.297
1400 0.074 0.931 6 41.9 0.08 42,0 8.633
1500  0.527 0.651 6 37.7 0.62  38.3 5.58%
1600 2.75 0.267 5 29.0 1.69 30,7 g.487
1700 13.8 0.068 5 12.8 3,07 15.9 8.201
1900 13%8 0.007 4 3.43 5.24 5.7 9.756
2100 1445 0.001 4 1.01 7.9 8.9 5.949
2300 3 0 10.6 10.6 §.025
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A.6.4, Calculation of Constants for proposed Hystereis
Theory.

Table .L.6.4. Calculations for Sections 6.3.5.

Calculation of K5

7oK 1/mx10t e“345%2394 9.o§i5$pe( ) 1.32%?030(
1150 8.696 4.80 %1077 6.53 x10™%
1200 8.333 8.83% %107/ 7.95 %107 1.20 %1070
1300 7.692 2.57 x107° 2,31 x107 % 3,49
1400 7.14% 6.46 5,81 x10° 1 8.79
1500 6.617 1.56 x107° 1.40 2,12 %1072
1600 6.250 2,87 2.58 3. 90
1700  5.882 5,27 4.74 7.17
1800 5,556 9.14 8,23 1,24 %1071
1900 5,263 1,51 x10™%  13.59 2.05
2000 5.000 2,34 1.1 3,18
2100 4,762 3.53 - 4.80
2200 4,545 5,02 - 6.83
Calculation of K4

0% e—ng%g;g4 0.7 %,

- 2.38 e 6.3 e
1150 4.78 x1072 0.325
1200 5.39 1.28 x10° 1 0.366
1300 6.79 1,62 0.462

400 f.21 1.95 0.558
1500 9.83 2.34 0.6¢8
1600 1.12 %1071 2,66 0.762
1700 1.27 3,02 0.864
1800 1.42 3,38 0.966
1900 1,59 3,78 1,08
2000 1.74 £.14 1.18
2100 1,88 - 1,28

2200 2,04 - 1.29



Table A.6.4 (continued)

Table AL.6.5,.

0

T°K

1150
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

Experimental values from Appendix 6.1.

Sh5.

500 = 6.6 x107° etm (6.6 x107°)%+%% = 9.014 x1072
0.76p = 1071 atm. (1070022 3,162 x1072
Calculation of n/nref at 50n. Graph 6.4.
( )l150 ( )1150
0.25 e
(1+K5/P—K4P ) ( ) ( ) 1in n/n1150 exptl.

0.676 1.000 0 0
0.635 1.065 0,06% 0.058
0.541 1.249 0.22% 0.207
0.451 1.500 0.405 0.426
0.353% 1.915 0.650 0.737
0,277 2,440 0.892 1.036
0,208 3,250 1.179 1.324
0.158 4.278 1.453 1.497
0.125 5.408 1.690 1.554
0.1%8 4.89% 1.589 1.451
0.200 %.380 1.218 1.267
0.293% 2,307 0.837 1.059



Table 4.6,6. Calculation of n/nref at 0.76p. Graph 6.5.
7oK (1+K5/P-K4PO‘ 25 {———%—%99 —111-%——--%—,11 ~1n 1/1, 544
experimental

1200 0.951 1.000 0 0

1300 1,069 0.890 0.116 0.173
1400 . 1.386 0.686 0.377 0.449
1500 2,166 0.439 0.823 0.816
1600 3.314 0.287 1.248 1.267
1700 5.438 0.175 1.743 1.785
1800 8.892 0.107 2,345 2.418
1900 14.21 0.067 2.703 2,752
2000 21.69 0.044 5,120 2.994

in n/n1200 experimental from Duval Ref. (3) Fig 17.
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Table L,6.7. Non equilibrium results for reaction at 1700°K
after 1200°K at 0.76x.

Log,o(F-T;) data, and ¥, = 2.3 x10™* from Duvel’ Pig.12,
t secs. Loglo(F-Fl) P x10° F/Fl = n/na)
0 3.775 9.26 4.026
20 3.600 6.28 2.730
40 3.300 4.29 1.865
60 3.030 3.37 1.465
80 1.687 2.79 1.212
110 F.375 2.54 1,103
140 F.200 2,46 1.067
Steady valuve T4 only reached after several minutes 5,
Using © = 3.0 x107° and n_/ng, = 4.026
et
Equation 13 becomes 1n/n_ = 1 + 3.026 g2+ 0x10
t secs e~ Ot 3,026 e ot n/n, celc.
0 1.000 3.026 4,026
20 0.549 1.661 2.661
40 0.301 0.911 1.911
60 0.165 0.500 1.500
- 80 0.091 0.274 1,274
110 0,037 0.112 1.112

140 0.015 0.045 1.045
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Table A.6.83. Non equilibrium results for reaction at 1508°K
after 1153°K at 50p.

8

Run No. t secs., R x10 r/Rfinal = n/nCO
Graph 0 1.97 0.438
1264 15 2.74 0.609
1265 30 3.88 0.862
1266 45 4,47 0.993
1267 60 4,20 0.933
1268 75 4,38 0.973
1269 90 4 .65 1
1270 105 1.52 1
1271 120 4.52 1
Rfinal also from Graph 4.15 = 4.50 x168
Using © = 3.48 ¥10°  and no/nOO = 0.438
p -2
Equation 13 becomes n/ng, = 1 - 0.5627°-48 * 107%
t secs. O 0,562 e ot n/n g cale.
0 1.000 0.562 0.438
15 0.594 0.333 0.667
30 0.353 0.198 0.802
45 0.2086 0.117 0.883
60 0.124 0.070 0.93%0
75 0.073 0.041 0.959
90 0.044 0.024 0.976
105 0.026 0.015 0.986

120 0.015 0.008 0.992
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APPENDIX 6,5. CALCULATION OF NUMBER OF C.ARBON ATOMS ON

PITANENT SURF.CE.

Considering o hexagonal graphite ring :-

o
Assuming the intermolecular C-C bond distance is 1.415 A 85

3/2 (2,451 1.415) a2
2

The area of the hexsgonal ring
' e
= 5,202 &
If for this approximation the surfacec is considered a perfect
network with very few edge atoms, and therefore the number
of atoms shared for each ring is 6, giving 3 atoms per ring

for the equivalent ares

o
.". =xrea associated with each atom = 1/3 x 5,202 AZ
.. No. of atoms per en® = 3/5,202 x 1016

- 5.767 x 1012 = W

Using Avagadro's number = no. of atoms per gr atom = 6.02x1023

15 i
5167 20 2 = 5.6 x 1077
6.023 %10

No. of gr. atoms per cm2 =

~8  of actual carbon

.+ No. of gr stoms per om2 = 10
surface.
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